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A. INTRODUCTION

While many advanced intermetallic systems possess desirable properties cuch as
high temperature strength and stiffness, these systems typically do not exhibit
adequate ductility and toughness at low temperatures. In addition, there is a nced for
the development of advanced processing techniques in order to provide materials in
adequate quantities for subsequent use. The successful utilization of ihese desirable
material properties also requires the development of techniques to impart higher

toughness without sacrificing strength.

A variety of toughening mechanisms may be utilized to impart toughness in such
systems. In brittle matrix systems, toughening may be acheived via the introduction of
particles which are either brittle or ductile. In the former case, toughering may occur
via crack bowiag, Figure 1, and/or crack deflection as shown in Figures 2a and 2b. The
introduction of ductile particles may induce ductile phase toughening, as shown in
Figure 3a. The introduction of the reinforcement imparts some damage tolerance, the
details of which are affected by the volume fraction of reinforcement,
reinforcement/matrix interface characteristics, and the strength/ductility of the
reinforcement. In both cases, it is possible to produce brittle matrix materials which
exhibit some degree of damage tolerance. This is reflected in the stress-strain curve of
specimens tested under displacement control, as shown in Figure 3b. The monolithic
material exhibits catastrophic failure at low stress and strain, while the "toughened”
material exhibits a significantly non-linear stress-strain curve. In the composite case,
the material actually becomes tougher with an increase in crack length, a phenomena
known as R-curve behavior. '

The AFOSR Program a2t Case Western Reserve University, AFOSR 89-0508, has
focused on key issues in the processing and properties of advanced intermetallic
composite systems. The period 8/1/89 - 12/31/92 was devoted to the following:

1. Processing of Monolithic and Composite Intermetallics

The matrices of interest included NbsSi3, Ni3Al, and NiAl
The concept of ductile phase toughening via incorporation
of Nb was explored for tae former, while additions of TiB2
were utilized in the latter two systems. Processing of both
the matrix as well as the composites were accomp'ished via
reaction synthesis and vhcuum hot pressing at Case
Western Reserve University. Vacuum arc-cast and
extruded Nb-Si composites were additionally obtained via
collaboration with researchers at Wright Patterson Air
Force Base.




2. Fracture Toughness Testing of Monolithic and Composite
Intermetallics

Fracture mechanics-type tests were conducted to
determine the fracture toughness of the monolithic
intermetallics as well as the composites. Little information
o regarding the fracture toughness of the monolithic matrices
was available in the literature. In-situ video monitoring of
the deformation and fracture experiments was conducted
with the aid of a deformation siage mounted inside a
scanning electron microscope. This provided direct
evidence of the mechanisms contributing to the toughness
of the systems under study.

In addition, laminated NbsSi3/Nb composites were manufactured
to contain various interfaces (e.g. weak, strong) in order to
examine the effects of interface strength on the resulting
behavior of the Nb and the subsequent toughness.

3. Effects of Loading Rate on the Toughness of NbsSi3/Nb
In-situ Composites '

While the studies outlined in Section 2 above provide
information on the fracture toughness obtained under
static test conditions, the fracture properties of ductile-
phase toughened systems may be highly rate-

dependent because of the rate dependence of the "ductile”
phase. In such systems, the "ductile” constituent may
undergo a ductile-to-brittle transition which could affect
the resulting toughness. The effects of loading rate on the
resulting toughness was studied using identically notched
specimens subjected to loading rates which varied by over
four orders of magnitude.

/

The results of the works described avove have been both orally presented and
published in the journals and conference proceedings listed in Sections D and E.
Highlights of the res 'ts are presented in the order described above, while selected
relevant publications are enclosed in tiie Appendix for completeness. Additional
detailed information may be obtained by consulting the other published references.




B. RESULTS OF EXPERIMENTAL PROGRAM

1. Processing of Monolithic and Composite Intermetallics
a) Ni3Al and NiAl Systems

Figure 4 shows the processing route utilized for the monolithic aluminides as well
as the aluminide composites, while Table 1 details the processing parameters. Included
are the details of the matrix powders as well as the TiB2 reinforcement characteristics,
while Table II lists the resulting microstructural characteristics for the composites.
Included in Table II are the matrix grain size for both the monolithic and composite
materials as well as the contiguity ratio (Ct) which provides a quantitative measure of
the degree of reinforcement clustering. Values for Ct can vary from 0 to 1, that is, from
completely dispersed second phase particles (i.e. no touching of reinforcement) to an
entirely contiguous phase (i.e. fully agglomerated). It is clear from the values in Table
Il that the range of powder sizes utilized provided a significant variation in the level of
clustering (as measured by Ci) between systems. SEM, TEM, and Auger analyses were
additionally utilized to characterize the degree of reaction between matrix and
reinforcement. Copies of two published journal papers are included in the Appendix
to provide more details. They are as follows:

Paper 1. J.D. Rigney.and J.J. Lewandowski, "Fracture Toughness of Monolithic
Aluminides", Materials Science and Engineering, A149, 1992, pp. 143-151.

Paper 2. J.D. Rigney and J.J. Lewandowski, "Fracture Toughness of Composite Nickel
Aluminides”, Materials Science and Engineering, A158, 1992, pp. 31-45.

b) NbsSizSystem

The silicide system’ was successfully processed via reaction synthesis of elemental
powders using a high energy ball mill operated at room temperature. Elemental Si and
Nb powders were obtained with a particle size of -325 mesh (< 44 um) and ncminal
purities exceeding 99% and 99.8%, respectively. Elemental powders with the proper Nb-
Si ratio for the formation of NbsSi3 (i.e. Nb-37.5 at.% Si) were milled in a Spex model
8000 high intensity mixer-mill for a variety of times ranging from 0.5 hour to 3.5 hours.
It was found that milling times in excess of 3.25 hours were sufficient to produce
NbsSi3 compound formation as evidenced by k-ray diffraction patterns taken from.
interrupted millings. Figure 5 and Paper 3 in the Appendix show X-ray diffraction
patterns of the mechanically alloyed Nb-Si powders for times just prior to compound
formation (e.g. 3 hours) as well as those just after compound formation (e.g. 3.25 hours).




Paper 4 included in the Appendix further details the results of TEM
investigations of powders milled for various times and reveals that a small amount (i.e.
not detectable by conventional X-ray techniques) of silicide formation occurs early in
the milling procedure. Subsequent vacuum hot pressing was carried out to produce
consolidated compacts of NbsSi3via the processing schedule shown in Figure 6 and
reproduced in Paper 3 in the Appendix. More recent work has succesfully utilized
this technique to produce model laminates consisting of Nb and NbsSi3 as shown in
Paper 3 in the Appendix. The following two papers included in the Appendix
provide more details regarding the mechanism(s) of silicide formation, as well the
details of laminate production:

Paper 3. J. Kajuch, J.D. Rigney, and J.J. Lewandowski, "Processing and Properties of
Tough NbsSi3/Nb Laminates”, Materials Science and Engineering, A1S5S5,
1992, pp. 59-65.

Paper 4. J. Kajuch, JJW. Short, C. Liu, and J.J. Lewandowski, "On the Kinetics of NbsSi3
Compound Formation", in Proc. Mater. Res. Symp., (R. Darolia, et al, eds.),
1993, in press.

2. Fracture Toughness Testing of Monolithic and Composite
Intermetallics

a) Ni3Al and NiAl Systems

Representative load-crack opening displacement (COD) traces for identically-sized
monolithic aluminide specimens is shown in Figure 7, while Figure 8 summarizes the
toughnesses obtained on the monolithic materials as well as the composites. Included in
Figure 8 are the toughness values obtained for composites containing different TiB2
particulate sizes. It is shown that 10 volume % of TiB2 particulates increases the
toughness of NiAl while decreasing the toughness of Ni3Al and Ni3Al + B. In-situ
monitoring of fracture toughness tests revealed that the reinforcement additions to a
brittle matrix such as NiAl produces toughening via crack tip bowing and deflection,
while the addition of particulate reinforcement to a relatively "tough" intermetallic
produces a decrease in toughness due to the preferential deformaiion and fracture of
regions associated with the reinforcement in the "tough” matrix. The effects of
particulate reinforcement on the fracture toughr{ess were modeled with the aid of the
in-situ fracture observations. Fapers 1 and 2 in the Anpendix provide additional
details of the experiments conducted on the Aluminide systenis.

sk




b) NbsSizSystem

Similar experiments conducted on the monilithic NbsSi3 revealed a toughness of
approximately 2 MPa4 m for the monolithic silicide. In-situ testing of the ductile phase
toughened material provided by collaborators at Wright Patterson Air Force Base
revealed a significant increase in toughness and R-curve behavior in comparison to the
monolithic silicide. Figure 9 shows the stress intensity vs. crack extension trace for one
of the specimens tested inside the SEM. Included in Figure 9 is the behavior of the
monolithic silicide. It is clear that significant increases in toughness were obtained,
while the in-situ studies revealed extensive bridging of the crack by the "ductile” Nb
ligaments. The details of such oehavior are summarized in Papers 5 and 6 in the
Appendix. In particular, the papers enclosed in the Appendix illustrate the effects of
deformation processing and interstitial contamination on the resulting R-curve behavior
and damage tolerance in such systems. Paper 3 in the Appendix summarizes the
work conducted on laminated NbsSi3/Nb specimens. In particular, the effects of
systematic changes in the interface strength on the resulting toughness and the
behavior of the Nb were investigated. It was demonstrated that the presence of a
strong interface bond promoted cleavage fracture of the Nb, although the experiments
also revealed that the mere appearance of cleavage fracture is not necessarily
detrimental to the toughness of such materials because cleavage fracture in Nb and its
alloys requires a large amount of energy. The following papers are included in the
Appendix for this section:

Paper 5. J.D. Rigney, P.M. Singh, and J.J. Lewandowski, "Environmental Effects on
Ductile Phase Toughening in In-situ NbsSi3/Nb Composites” Jnl. of Metals,
August 1992, pp. 36-41.

Paper 6. M.G. Mendiratta, J.J. Lewandowski, and D.M. Dimiduk, "Strength and
Toughness in In-situ Silicide Composites”, Metallurgical Transactions A, 22A,
1991, pp. 1573-1584. :

3. Effects of Loading Rate on the Toughness of NbsSi3/Nb In-situ
Composites

The effects of loading rate on the fracture toughness of the ductile-phase
toughened NbsSi3 system was determined on notched bend specimens tested over the
range of crosshead speeds shown in Figure 10. ! This work was conducted in
collaboration with researchers at Wright Patterson Air Force Base. The resulting
fracture toughness values were shown to be sigrificantly affected by the crosshead
speed utilized during the .test. The fracture toughness (as calculated using the peak load
in the load-displacement trace) decreased sharply with an increase in loading rate.




Fracture ivughnesses in excess of 25 MPaA m were obtaired during typical tests
conducted under nominally static testing conditions (i.e. 0.001 mm/sec), while
toughness values of only 10 MPad m were obtained on nominally identical materials

tested at 10 mm/sec.

The fracture surface details were quantified in the SEM for one of the toughest
specimens (i.e. slowest loading rate) and one of the least tough specimens (i.e. fastest
loading rate). It was found that the specimen tested at the faster loading ratc exhibited
a higher percentage of cleavage fracture of the Nb than did the specimen tested at the
slower rate. Figure 11 shows a schematic of the regions analyzed by SEM as well as the
percentage of cleaved Nb on the fracture surface for each position analyzed. It is clear
that the specimen tested at the higher rate exhibited a higher percentage of cleavage for
each location analyzed. These 1esults strongly indicate that the deformation and
fracture behavior of the "ductile” phase controls the development of high toughness in

such systems.

Figure 12 presents a schematic of one interpretation of these results, although
additional tests are being conducted on specimens tested at low temperatures in order
to determinc the generality of such an argument. In the tests conducted at slow loading
rates, the Nb behaves in a ductile manner as shown in the schematic in Figure 12 and a
high toughness is obtained. In such a case, the Nb ligamerts deform to such an extent
that ductile rupture occurs, while the stress-strain curve of such a ductil:’ ligament
could be as that shown in Figure 12. In contrast, the tests conducted at iaster rates
exhibited cleavage of the Nb. At this stage, such a result implies that the effectivz
stress-strain curve of the Nb is truncated by cleavage fracture, thereby reducing the
energy available to impart toughening. Additional experiments where identical
specimens were tested at low temperatures to determine the generality of such features
to the development of toughness in such systems has illustratcd that the mere
appearance of cleavage fracture is an insufficient indicator of low toughmness in such
systems. Tests conducted at low temperatures on both arc-cast composites and
laminated NbsSii/Nb specimens revealed a predominance of cleavage fracture in the Nb,
yet the specimens possessed high toughness. Examination of the stress-displacement
curves in such cases revealed that the behavior of the Nb at high strain rate is different
than that at low temperature, with the latter test conditions producing a larger arca
under the curve than the former conditions. The details of this work are currently being

prepared for a journal publication. /
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Table 1: The monclithic and composite meterials hot-pressed, their
designations and the fabrication parzmeters utilized during

compaction. -
_ Matrix Mean
Material Powder TiB; Size  HP Paramelcrs
Designation  Composition  Size (Mesh) (um)  T(K);P(MPa);t(h)
A NisAl =325 - 1323; 48.3; 2
ACf1 Niz Al+TiBa(f) -80 +325 4.2 1398, 45.3; 4
ACf2 Ni3 Al+TiB,(f) -325 4.2 1423; 552, 2
ACcl Ni3 Al4TiBy(g) -325 15 1423, 55.2; 2
B Ni3Al+B -325 - 1423; 55.2; 2
BCf1 NisAl+B+TiBy(f) -80 4325 4.2 1398, 45.3; 4
BCf2 Ni3z Al+B+TiB;(f) -325 4.2 1423, 55.2; 2 ‘
BCcl Nis Al4+B+TiB,(c) -325 15 1373; 552; 2 I[
C NiAl -200 - 1498 552; 05
CCf]» NiAl+TiBy (D) <100 +325 4.2 S 1673; 48.3;, 2
ccn NiAl+TiB;(f) -200 4.2 1623; 48.3; 1 |
CCcl NiAl+TiB,(0) -200 15 1623; 51.7; 1 11 ,

*f end ¢ on the composite compositions refer to fine (3 2pen) and cozarse (151m) reinforcemient
mean particle size, respectively.

Table 22 Microstructural chzracteristics of the _as-hot-pressed monolithic

and composite materials.
Material Contiguity Matrix Grain
Designation Composition® Ratio (C,) Size (um)
A NijAl - 9.0+ 0.8
ACf1 NisAl+TiBa(f) 0508 £ 0.042 494427
ACf2 NisAl+TiB2()  032220.015 144112
ACcl Ni3Al4TiBa(d) 0292+ 0.055 16.140.6
B Ni3Al+B - 86112
BCf1 NisAl+B+TiB(f) 0495%0.042  388%6.0
BCf2 Ni3Al+B+TiBy() 0290+£0.021 141215
BCecl NisAl+B+TiBy(c) 0274 +0.026 150+1.3
C NiAl - 19.7+24
427426

CCf1 NiAl+TiB2Af) 0477 £ 0.026
CCf2 NiAl+TiBa(f) 0.449 £ 0.030 305+1.7
CCcl NiAl+TiB2(c) 0331+ 0.045 329126
*f and ¢ on the compasite compositions refer 1o fine (42um) and coarse (15um) reinforeenent
mezr perticle size, recpoctively.
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Fracture toughness of monolithic nickel aluminide intermetallics

Joseph D. Rigney and John J. Lewandowski

Department of Materials Science and Engineering, Case Western Reserve University, Cleveland, OH 44100 (US )

(Received July 240199 imrevised torm August 21,1991,

Abstract

The fracture toughness-of several nichel aluminide intermetallics have been determined in accordance with standard

testing technigues. The intermetallics tested. Ni:Al (24 at%

AL NiL,AT+ 0.2 ar% B and NiATH4S at% Al we:e produced _

by conventional vacuum hot-pressing technigues while processing conditions were varied to produce systematic changes
in grain size. The toughnesses obuined and details of the fracture behavior were distinetly different for the materials
studicd. Ni: Al eahibited an initiation toughness of 20 MPam' . while the boron-doped material had a toughness exceed-
ing 30 MPa m' NiAL on the contrany, demonstrated toughness vatues of about § MPam' =, These ditferences are div-
cussed in the light of deformation and fracture mechanisme operating at the crack tip in the cases described. i sine
fracture monitoring and post-failure analyses are wtilized in support of the discussion.

1. Introduction

Current emphasis on extebnding gas turbine engine
operating temperatures for applications above which
superalloys are now viable has focused rencwed inter-
est on ordered intermetallics. as revealed in a recent
review article [1]. Nickel aluminide intermetallic alloys
arc of potential interest because of their high melting
temperatures, low density and favorable oxidation
resistance. Despite these  advantages, such ordered
alloys as Ni;Al and NiAl suffer owing to their brittle-
ness, especially at ambient temperatures. This brittle-
ness is manifested as low tensile ductility, with fracture
generally propagating intergranularly and/or trans-
granularly [2]. Studies dating a decade or more ago
have shown that microalloying additions of boron to
substoichiometric Ni Al significantly increases the
room temperature ductility to values excceding 50%,
with an accompanying fracture mode change from
intergranular to transgranular tearing |3, 4]. In contrast
such tensile ductility improvements in NiAl have yet to
be realized. despite similar attempts at alloying {5).
Ductility has been achieved with modest success via
careful control of purity level and processing condi-
tions [6, 7] and grain size [8, 9] in binary NiAl, while
recent work [10] has demonstrated significant ductility
improvements during high pressure testing.

Many intermetallics are considered to be “brittle”
and possess low fracture toughness based on observa-
tions of low tensile ductility and/or fractographic indi-
cations of intergranular or transgranular fracture.
Fracture-related properties of monolithic Ni;Al and

0921-5093/92-835.00

Ni;:Al+ B obtained under more severe stress states
{¢.g. notched Ky, conditions} are virtually unreported in
the literature. While low tensiie ductility often accom-
panies low fracture toughness in non-deforming (e.g.
ceramic-based) monolithic materials, such correlations
may be misleading in many semibrittle metallic- and
intermetallic-based systems. Furthermore, evaluation
of such propertics are necessary for the successful ser-
vice application of these materials, as severe stress
states may exist o become important in fatigue appli-
cations. The present authors are unaware of any such
experimental studies, other than related high cycle
fatigue studics on Ni;Al-based intermetallics freviewed
by Stoloff et al. [11]) or notched tensile studies [12] on
monolithic Ni;Al and Ni;Al+B. A morc extensive
study on powder-processed binary NiAl{13]and com-
posites of NiAl with grain boundary Ni,Al has becn
conducted to determine the effects of composition and
heat treatment on the chevron-notched fracture tough-
ness. Additional work on cast- and heat-treated stoi-
chiometric NiAl revealed changes in fracture toughness
as a function of testing temperature, pracessing tech-
nique and heat treatment [14].

This study vias undertaken to explore the mecha-
nisms controlling the fracture toughness of monolithic
Ni;Al (24 a1.% Al), Ni;Al+ B and NiAl (45 at% Al)
and represents a continuation of work presented elsc-
where 12, 15-17]. The interest in the former two
materials was to investigate the fracture toughncess of
Ni;Al and the effects of boron additions to these
values, as boron has been shown to increase both
smooth tensile |3, 4] and notched tensile ductility |3 2]

% 1002 - Elevier Seqania. All richis reserved
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Effects of reinforcement size and distribution on fracture toughness
of composite nickel aluminide intermetallics

Joseph D. Rigney and John J. Lewandowski

Department of Maicrials Science and Engincering, Case Western Reserve University, Cleveland, OH 44100 (US.4)

{Received December 11, 19915 in revised form March 23, 1942)

Abstract

The effects of particulate size and distribution on the fracture toughness of nicke! aluminide composites based on Ni, Al,
Ni,Al+B and NiAl with additions of 10 vol.% TiB, reinforcement were determined. Composites were fabricated by
conventional vacuum hot-pressing consolidation of blends of pre-alloyed matrix powder and TiB, platelet reinforcement,
Tt i« shown that reinforcement additions produced a decrease in the toughness of NiiAland Ni, Al + B and an increase in
the toughness of NiAl while the range of reinforcement distributions and sizes tested at present did not produce a signifi-
cant change i the measured composite toughness values. The mechanisms responsible for such behavior are discussed

with the aid of in-sine fracture studies.

1. Introduction

Nickel aluminide intermetallics are of potential
interest for high temperature service where nickel- and
cobalt-based superalloys have reached their highest
temperature capabilities. The intermetallics based on
Ni;Al and NiAl have been investigated extensively in
the past decade as evidenced by recent review articles
[1] and conference proceedings (2]. These materials
possess good oxidation resistance with higher melting
temperatures and lower densities than superalloys.
Although ambient temperature tensile ductility is low
for Ni;Al and fracture occurs in a brittle intergranular
manner, recent work [3] has shown that Ni;Al
possesses a high toughness (e.g. above 20 MPa m'/?)
and exhibits resistance curve behavior. The improve-
ment ir. tensile ductility of substoichiometric Ni;Al via
boron additions {4, 5] accompanies an improvement in
fracture toughness [3]. The ductility of single-phase
NiAl is generally low (e.g. less than 2% reduction ip ¢
area) despite attempts at alloying [6) and grain size
refinement [7, 8], although injection of mobile disloca-
tions via superimposed hydrostatic pressure and
testing under high pressures has produced reduction of
areas in excess of 10% at room temperature (9, 10].
The fracture toughness of NiAl is generaliy low in as-
processed material (e.g. $ MPam'/?)(3, 11].

It should be noted that, while Ni; Al was considered
10 be brittle (i.e. not tough) based on observations of
low tensile ductility, recent fracture toughness experi-
ments show that tensile ductility is not necessarily a

good indicator of toughness in these materials [3]. 1t is
also generally accepted that the creep resistance and
high temperature strength of these alloys [12] is less
than that attained by the superalloys. While the high
temperature properties of these systems [13-15] has
been improved somewhat by a composite approach,
litle work has been reported on their toughness. The
schematic diagram in Fig. 1 shows the typical effects of
reinforcement on the toughness of various matrices. It
is shown that discontinuous metal matrix composites
typically exhibit a loss in toughness with an increase in
volume fraction {16], while ceramic matrix systems
may gain some toughness provided that interfacial
characteristics are considered [17]. The case for nickel
aluminide intermetallics is not as clear, partly because

Metal Matrix

TOUGHNESS
N

[

VOLUME FRACTION REINFORCEMENT

Fig. 1. Genceral fracture toughness behavior of metal and ecramic
matrix materials with additions of hard particle reinforcement.
The values of intermetallic toughness or trends followed with
addition of reinforcement is virtually unknown,
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Processing and properties of Nb.Si; and tdugh Nb;Si;/Nb laminates

Jan Kajuch, Joseph D. Rigney and John J. Lewandowski
Department of Materials Science and Engineering, Case Western Reserve University, Cleveland, OH 44106 (USA)

Abstract

Both mechanical alloying (MA) and reactive sintering (RS! techniques were successfullv used to produce NbSi,. The
homogeneity of the mecharically prealloyed powders and that of the Nb-Si powder blend before RS significantly afected
the microstructures produced after hot-press consolidation. Modei laminates of mechanically alloyed Nb.Si, and
nominally pure niobium were prepared via vacuum hot pressing. Reom temperature toughness tests were conducted
inside a scanning clectron microscope equipped with a deformation stage to evaluate the effect of the niobium reinforec-
ment on the cumposite fracture behavior. Significant toughness increases were obtained in the laminates, while the
aiobium exhibited both cleavage and ductile fracture. These results are discussed in light of recent work on ductile phase
toughening of brittle materials. It is also shown that the RS process may offer an alternative approach, other than in site
and arc melting and casting processes, for producing both monotithic and ductile-phase reinforced Nb(Si,.

1. Introduction

Refractory metal silicides are receiving interest as
potential candidate materials for replacing nickel and
cobalt superailoys in high temperature (1473-1873 K)
applications. While much of the recent work has
focussed on monolithic MoSi, [1-5] and composites
based on this matrix, the present work investigates the
production of Nb,Si; and Nb.Si;/Nb to evaluate the
variables affecting ductile phase toughening {6-9]. In
site composites of niobium-based silicides investigated
most recently were processed via conventional arc
melting and casting processes [6~8]. However, powder
processing approaches may be more versatile by pro-
viding homogeneous and/or tailorable microstructures
with minimal contamination. Mechanical alloying
{MA) and reactive sintering (RS) processes were used
in this research for the production of Nb.Si; powders
and compacts, while other recent work in our labora-
tory [10] has utilized identical technology to produce
MoSi; and other high temperature materials sys:Zins.

The MA pi.cess involves repeated fragmentation
and coalescence of a mixture of powder particles until
the interatomic distance between elements decreases to
the point that true alloying occurs [11]. In our previous
work [12] it was shown that Nb,Si, is formed by a self-
propagating exothermic reaction near room tempera-
ture (i.e. 323 K). Differential thermal analysis (DTA) of
a 50/50 (at.%) Nb-Si elemental powder mixture
demonstrated that Nb,Si; begins to form spontane-
ously at approximately 1523 K {13] and that this tem-
perature is lowered when the powders are milled and

more intimately mixed prior to DTA [14]. These recent
results are consistent with the proposal [15] that the
activation energy for the reaction in the MA process is
supplied by cold work accumulated during milling. .

RS [{16] provides ancother means of producing a
compound from elemental powders and is generally
possible in systems with large negative heats of forma-
tion. in this process, blended powders are isostatically
cold pressed and are often ignited by torch in air or by
electrical spark in vacuum to start a self-propagating
exothermic reaction. RS may also occur without such
external input provided that one element is molten in
the reaction zone. Thus, in contrast to the MA process
where alloying is a result of solid state processes, RS
begins to occur at temperatures near the lowest eutec-
tic where one element or component is in the molten
state in the reaction zone | 16).

This paper summarizes the results of produrtion
and consolidation of Nb.Si; by both the MA und RS
methods, and fabrication of laminated Nb.Si;/Nb com-
posites by th: use of vacuum hot pressing. The
mechanisri of toughening in the model NbSi; lami-
nates is presented, while continuing work on the pro-
duction and evaluation of MoSi, and toughened MoSi,
is presented elsewhere 3, 4, 9],

2. Materials and procedures
Elemental silicon (Aldrich Chemical Company) and

niobium powders (Cabot Corporation) were obtained
with a particle size of —325 mesh (less than 44 um)

Elsevier Sequoia
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and nominal purities exceeding 99% and  99.8%
respectively. For MA, elemental powders with the
proper No-Si ratio for the formation of NbSi,
{Nb-37.5at.%581) were weighed and placed into a tung-
sten carbide vial while in an argon-gas-filled glove box.
MA was carried out in a Spex model 8000 high inten-
sity mixer-mill using 100 gf of hardened 52100 steel
balls (12 mm diameter) and 10 gf of elemental powders
for a 10:1 balls/powder weight ratio. The vial tempera-
ture was monitored with a portable digital thermom-
eter with contact thermocouple type J probe. Fifty MA
runs were employed to produce enough silicide pow-
der (e.g. 350 g) to enable subsequent consolidation in a
vacuum hot press. Prior to reactive sintering, 250 g of
the clemental powder mixture was blended using a
horizontal roller mixer.

Three types of powder batches were prepared for
the vacuum hot pressing operation, as follows.

Mechanically alloyed NbSi,. The continuous milling
process established in previous work [12] indicated
that a minimum milling time of 3.25 h is required for
Nb.Si, compound formation. All batches of Nb-Si
powders were mechanically alloyed for this length of
time. In 21l cases, the vial was air fan cooled to assure a
near-constant milling temperature.

Prealloved Nb-Si mixwere. In addition to using MA
to produce Nb.Si,, Nb-Si mixtures were alloyed for
times less than that required for compound formation
(less than 3.25 h). The 45 batches were mechanically
alloyed for 2 h, blended in a horizontal roller mixer for
2 h, then consolidated in the vacuum hot press. The
resulting powder mixture, prior to hot pressing, con-
tained an intimate blend of elemental niobium and sili-
con powders.

Blended mixture of Nb-Si powders. Elemental
powders of niobium and silicon in the proper ratio for
Nb.Si, formation were also blended for 24 h using a
horizontal roller mixer. As the powder homogeneity
and/or segregation in a blending operation depends on
various factors related to the blending equipment, and
the size, density and volume per cent fill of elemental
powders {17]. a standard blending time of 24 h was
selected for this work to produce a sufficient mixture, It
is assumed that a more homogeneous blend will be
obtained with loniger blending times.

Pov.der consolidation was accomplished with a
vacuum hot press capable of operating at up to 69 MPa
pressure and 2573 K using graphite dies and plungers
and a graphite resistance heating element. The general
hot pressing scheme is shown schematically in Fig. 1.
The degassing stage at 1123 K for 4 h may be particu-
larly important for powders prepared by the MA pro-
cess, as significant microcracking was observed in
compacts not degassed for sufficient time at this tem-
perature. RS was conducted under 55 MPa pressure in

APPLY PRESSURE

~ 55
5§ MPa CONSOLIDATION
<1700°C/1-2H
w
HEAT- '™ COOLING
< DEGAS: ~8°C/min ~ §°Cmin
850°C/4h
-4
g
s HEAT-UP
E ~7Cimin

TIME ———%

Fig. 1. Schematic of the powder consolidation process.

N ::ssnl
—

i

—~|

=,

t' 4 mm

Fig. 2. Schematic of laminate bonding and sample orientation for
three-point bending.

order to enhance densification. The final compacts
were disc shaped 50 mm in diameter and 21 mm in
height. Electrodischarge machining (EDM) was
employed to prepare the samples for X-ray diffraction,
metallographic analysis, and density measurements
(using the Archimedes principle).

X-ray diffraction was performed on elemental
powders, the mechanically alloyed silicide, preailoyed
powders, the reaction-sintered material, and the
material consolidated via vacuum hot pressing. A
Philips X-rav Autodiffractometer operated in the con-
tinuous step scanning mode using a Cu Ka radiation
source was used for the X-ray analysis. A JEOL 840A
scanning electron microscope and Nikon optical
microscope were used for the microstructural examina-
tions.

The hot-pressed mechanically alloyed NbSi,
powders were electrodischarged machined and lami-
nated with pure niobium foils 250 um thick (grain size
10 um) obtained from Aldrich Chemical Company.
The schematic in Fig. 2 shows the laminate production
scheme while the bonding was accomplished in a
vacuum hot press at 10 MPa and 1473 K for Sh.
The laminates were subsequently electrodischarge
machined into 4 mmx8 mmX45 mm single-edge-
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notched bend bars for subsequent metallographic
analysis and testing in three-point bending. The EDM
notch of 125 um root radius was placed in the silicide,

roughly 250 zm from the silicide~Nb interface. Subse-

quent notching with a wire saw was utilized to extend
the notch to 125 um from the interface with a 50 um
root radius.

Metallographic analysis and mechanical testing were
accomplished in a JEOL 840A scanning electron
microscope equipped with an Oxford Instruments
deformation stage. The bend bars were tested in three-
point bending at a loading rate of 1 4m s~ ! and con-
tinuous video monitoring enabled accurate calculation
of fracture initiation loads and monitoring of the
behavior of the niobium ligament. Postfailure analysis
included scanning clectron microscope examination of
the fracture surfaces and quantification of fracture
modes present.

3. Results and discussion

3.1. Powder production

Figure 3 shows the X-ray diffraction spectrum of
Nb-Si elemental powders (i.e. curve A} as well as that
of the Nb:Si; compound (ie. curve B) formed after
3.25 h of MA. The peaks shown in curve B correspond
to a mixture of both low temperature a-NbSi; phase
(JCPDS card 30-874) and high temperature (above
2273 K) B-Nb.Si; phase (JCPDS card 30-875). Dif-
fraction spectrum A represents patterns obtained on
the Nb-Si mixture and the prealloyed powders with
niobium peaks as given in JCPDS card 35-789 and sili-
con peaks as given in JCPDS card 35-1158.

3.2, X-rav, metallographic analysis and density
measurements

Figure 4 shows the X-ray diffraction patterns of the
consolidated compacts obtained from the various pow-
der processing techniques. Comparison of the diffrac-
tion spectra with the JCPDS card file shows that Nb,Si,
exists as both the a phase (unmarked peaks) and
carbon-stabilized y phase (filled squares) in the RS
material. In contrast, MA-processed material contains
the f phase as well as the a and y phases. The § phase
is a high temperature phase stabilized by the accumu-
lated cold work experienced during the MA process
[18], while the carbon in the graphite die is responsible
for the formation of the carbor-stabilized y phase.
Since the hot press consolidation temperature was
below that of the a-to-f phase transformation
(2273 K). the S phase was retained in the compacts.

Figure 5 shows microstructures of compacts
obtained from the powder processing techniques.
Compacts produced from mechanically alloyed Nb,Si,

Nb.Si, and toug's NbSi JNb laminates

61

INTENSITY (ARBIT. UnNITS) —

2025 30 35 40 45 50 S5 60 65 70 75 60 85 90 95 100
OIFFRACTION ANGLE 2 THETA  ——-tom-

Fig. 3. X-ray diffraction patterns of mechanically alloyed Nb-Si

powders: curve A, just before (3 h) compound formation; curve

B. just after (3 h 15 min) compound formation.
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Fig. 4. X-ray diffraction patterns of consolidated powders: top.
mechanically ailoyed Nb-Si mixiure; middle, mechanically
alloyed Nb,Si;: bottom, reaction-sintered and hot-pressed
Nb~Si mixture; ®, y phase: 6,  phase.

i

exhibit a l\ingle-phase microstructure (Nb.Si;) with an
average grain size of 5 um. Compacts obtained from
prealloyed| niobium and silicon powders contain a
small amount (less than 3 vol.%) of unreacted niobium
confirmed by energy-dispersive X-ray analysis on the
scanning electron microscope with the remaining
microstructure consisting of Nb,Si; with an average
grain size of 5 um. The RS compact, in addition to
exhibiting & larger volume per cent of unreacted
niobium (i.e. 5 vol%), displayed a bimodal grain size
distribution with grains of average size 2-3 ym and 15
um. Results of the immersion density measurements
are reported in Table 1. All micrographs (i.e. Fig. 5)
show porosity levels apparently exceeding 98% of
theoretical density; however, subsequent work has
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Fig. 5. Microstructures obtained: (a) mechanicaily prealloyed
Nb-Si mixture, hot pressed; (b) mechanically altoyed Nb,Si;,, hot
pressed: (¢) reaction-sintered NbSi,. hot pressed.

TABLE 1. Results of powder compaction

Initial Hot-pressed  Nb,Si;  Microstructure®
powders density phases

{% theoretical) present?
Nb.Si, 97.6 a By NbhSi,
Alloyed Nb-Si 97.7 a,f.y  NbSi,+Nbe
Nb-Si blend 98.5 a,y Nb,Si, + Nb¢

*From X-ray analysis. .

"From scanning clectron microscopy.
“Less than 3 vol.%.

4About 5 vol.%.

shown that the additional “holes™ result from silicide
grain pull-cut during metallographic preparation.

Although RS of elemental powders typically
involves the formation of a transient liquid phase (e.g.
silicon in Nb:-Si mixture), the formation of the desired
phase is controlled by the mass transport of atoms with
higher diffusivity [19]. In the Nb-Si system, silicon
(melting point 1687 K) diffusion into niobium grains
controls the formation of Nb.Si;. In both he reaction-
sintered and mechanically alloyed Nb-Si mixtures, the
inhomogeneity of the initial powder apparently results
in the microstructure of unveacted niobium and
Nb;Si;. In mechanically prealloyed Nb~Si mixtures, the
niobium and silicon interparticle spacing is somewhat
smaller than that of the simply blended material used
for RS. Thus, the amount of unreacted niobium is
somewhat less than that of the reaction-sintered
powder. Additional work where the milling times
and/or powder particle sizes are varied is necessary to
establish a more quantitative relationship between the
resulting two-phase microstructures and the starting
particle sizes and interparticle spacing.

Figure 6 shows the notched specimen and the lami-
nate interfacial region. No interfacial reactions between
Nb,Si; and niobium were observed. Also, no cracks
were observed in the as-electrodischarge-machined
specimens. Figure 7 shows the load-displacement
trace obtained on the three-point bending laminate
tested inside the scanning electron microscope, while
Fig. 8 presents a sequence of photographs takenp at the
locations marked in Fig. 7. The shaded area in Fig. 7
represents the notch-bend behavior of monolithic
Nb,Si;. The significant toughness increase (i.e. area
under the load-displacement trace) rcsults from the
niobium ligament and its ability to blunt propagating
cracks in the Nb.Si; as shown in Fig. 8. This was also
observed in much of our previous work on arc-cast and

Fig. 6. Micrograph of a notched NbSi,/Nb/Nb,Si, sample
(three-point bending).
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Fig. 7. Load-displacement trace of a three-point bending
notched sample.

extruded in siru composies of Nb,Si;/Nb [6-8, 20,
21). The NbsSi;-Nb interface is well bonded, while
Fig. 8 shows arrested microcracks in the niobium.
Examination of the fracture surfaces obtained from the
laminate tested at room temperature (Fig. 9) indicates
that the niobium exhibits both cleavage and ductile
fracture in the proportion of 40% and 60% respec-
tively. The arrested microcracks in the niobium liga-
ment shown in Fig. 8 are cleavage microcracks which
are blunted by the ductile niobium.

The appearance of room temperature cleavage frac-
ture of niobium in the present tests is apparently due to
a combination of several factors, as pure niobium does
not typically cleave at room temperature [22]. The
high-temperature vacuum hot-press bonding proce-
dure used to produce laminates enables diffusion of
silicon into niobium and grain growth in the niobium
ligament. The large grains are obvious from the large
cleavage facets shown in Fig. 9. The effects of grain size
on the propensity for cleavage fracture are well docu-
mented in ferrous materials [23}]. Materials containing
larger grains typically exhibit a greater tendency for
cleavage fracture since the cleavage fracture stress
decreases with an increase in grain size [23). Secondly,
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silicon is a potent solid soluticn hardener and em-
brittler of niobium as shown in previous work {6-8,
24]. However, recent work {24, 25} has shown that
smooth tension specimens of piobium containing sili-
con in solid solution are ductile while notched speci-
mens of the same material [24, 25] exhibit cleavage
fracture and much lower ductility.

Table 2 summarizes the effects of grain size and sili-
con diffusion on the properties of niobium foils 250
um thick {24]. Tension specimens were prepared from
the as-received foil as well as those exposed to vacuum
at 1473 K for 5h and those exposed to Nb,Si, at
1473 K for 5 h. The second treatment provided large
niobium grains, while the third provided both large
grains and silicon diffusion into niobium. The tensile
results in Table 2 show that silicon increases the yield
stress of the smooth specimens without significantly
decreasing the ductility. In light of the present results, it
appears that the constraint provided by the NigSi; is
sufficient to elevate the local stresses to levels high
enough to induce cleavage in the miobium. ligament.
This is consistent with recent finite element analyses
[26] and experiments {27) which have shown significant
stress elevation in ductile particles bridging brittle
cracks. Thus, the combination of silicon diffusion into
niobium, large niobium grain size, and constraint is
responsible for cleavage fracture in the niobium. Areas
of ductile niobium fracture in the laminates result in
part from multiple cracks in the silicide which effec-
tively reduce the constraint locaily in the niobium, as
shown in Fig. 8 and similar to other recent work on a
Pb-glass model system [27]. Nonetheless, while signifi-
cant toughness increases are observed in the present
tests, additional toughness increments may be realized
by optimizing the microstructure and properties of the
niobium ligament as well as those of the interfacial
region. Recent work [27, 28] has shown beneficial
effects of a weak interface in increasing the toughness
of such systems, due to the relaxation of constraint on
the ductile ligaments.

4, Conslusions

{1) MA and RS techniques were used to produce
Nb;Si; from elemental Nb-Si mixtures. Consolidation
of the powders in a vacuum hot press resulted in crack-
free dense compacts.

(2) Homogeneity of the prealloyed and blended
powders played a major role in the microstructural
homogeneity of consolidated compacts. It was shown
that unreacted niobium existed in both the mechanic-
ally prealloyed Nb-Si and powder-blended reaction-
sintered materials. This technique may be utilized to
produce composite microstructures of Nb.Si, and




04 L Rajucheral 7 NDSE and tough NB.STND laminates

Fig. 8. Scanning clectron micrographs »f niobium ligament deformation
Arrows indicate arrested cleavage microcracks in niobium.

Fig. 9. Fracture surface of a niobium ligament showing 30 cleavage and 60% ductile fracture.
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TABLE 2. Tensile properties of Nb foil

Material’ condition Grain size o, uTs" Elongation Reduction of arca
(um) {MPa) (MPa) (%) (%)

As received 10 - 2518 3448 9.0 "78.2

1473 K for § hin vacuum 210 185.6 2222 234 82.0

1473 K for 5 h exposed to NbSi, 210 363.2 390.0 11.3 75.5

*Niobium foil.
" Ultimate tensile strength.

niobium, or other combinations of phases in different

systems.

{3) Nb:Si,/Nb laminates were successfully pro-
duced and exhibited significant toughness increases
over that of the monolithic NbsSi;. In sint fracture
monitoring revealed crack blunting by the niobium and
stable cleavage microcracks in the niobium. Dual frac-
ture characteristics of niobium were observed and
possible reasons for this behavior were provided.
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ABSTRACT

The kinetics of intermetallic Nb,Si, compound formation via the mechanical alioying
process was investigated. Interrupted milling process, X-ray diffraction, SEM examination
and TEM imaging and diffraction were utilized to characterize changes in the milled
powders, while DTA analyses were used to determine the critical and onset temperatures of
reaction as a function of milling time. On the basis of experimertal results, a kinetic model
was proposed for formation of Nb,Si, via the interrupted MA process. It is suggested that
precipitation of Nb,Si, particles during cooling in the interrupted milling process is
responsible for the exothermic reaction after resumption of milling.

INTRODUCTION

Mechanical alloying (MA) is a simple but effective prccess for the production of
intermetallic compounds of high temperature refractory metals. Its main advantage as
compared to the standard melting and casting process is in the capability to maintain exact
composition (stoichiometry), low degree of contamination, and flexibility in producing
monolithic and composite powders. MA is a non-equilibrium processing technique
analogous to Rapid Solidification (RS). In contrast to the RS process, the MA process is
entirely a solid state operation at or near room temperature. The MA process has been
defined as a dry, high energy ball milling process that produces composite metal powders
with extremely fine microstructures. interdispersion of the powders occurs by the repeated
cold welding and fracturing process of free powder particles, trapped between two colliding
steel balls'. The force of the impact deforms the particles and creates atomically clean
surfaces which weld together on contact. To prevent oxidation of these surfaces, the milling
operation is carried out in an inert gas atmosphere. Refinement of the structure is
approximately a logarithmic function of time and depends on the mechanical enérgy input
into the milling process and the work hardening of the powders being processed®. The
microstructural refinement continues into the steady-state period despite the fact that the
hardness saturates and a constant agglomerate pax}icle size distribution is achieved.

Several authors studied the formation of intermetallic compounds by the MA
process. Atzmon determined the parameters affecting phase formation in the Al-Ni system®,
While NiAl formed by an explosive, self-propagating reaction, Al,Ni formed in a}:eaction
with layer diffusion as a predominant factor. Kumar and his co-workers were the first to
study the mechanism of MA in group V transition metal/silicon systems®. In order \to study
the progress of mechanical alloying, the ball mill was stopped periodically and cooled to
room temperature in order to enable removal of small amounts of the powder for analysis.
This "interrupted process” resulted in the formation of Nb;Si, in 75 minutes, while milling
for 73 minutes and cooling to room temperature produced elemental Nb and Si.
Whittenberger in his analysis of the solid state processing of high temperature alloys and
composites® believes that "enhanced diffusivity" plays a major role in the alloying process.




Schaffer and McCormick studied the mechanism of compound formation in the "interrupted
process” in several systems with the conclusion that room temperature "enhanced
diffusivity" facilitates the exothermic reaction which occurs almost instantaneously after
milling is resumed®.

This investigation concentrates on proposing a kinetic model of the formation of
Nb,Si, via interrupted milling utilizing Differential Thermal Analyses, X-ray diffraction and

Scanning Electron and Transmission Electron Microscopy. The work reprcsents a
continuation of work reported elsewhere’. ‘

EXPERIMENTAL PROCEDURES

Elemental silicon (Aldrich Chemical Company) and niobium nowders (Cabot
Corporation) were obtained with a particle size of -325 mesh (less than 44 pm) and nominal
purities exceeding 99% and 99.8% respectively. For MA, elemental powders with the proper
Nb-Si ratio for the formation of Nb,Si; (Nb-37.5 at% Si) were weighed and placed into a
tungsten carbide vial while in an argon-gas-filled glove box. MA was carried out in a Spex
model 8000 high intensity mixer-mill using 100 g of hardened 52100 steel balls (12 mm
diameter) and 10 g of elemental powders for a 10:1 bal's/powder weight ratio. The vial
~ temperature was monitored with a portable digital thermometer with a contact thermocouple

type J probe.

X-ray diffraction was performed on elemental powders and the mechanically alloyed
powders for time intervals of 1 to 3.5 hrs. A Phillips X-ray Autodiffractometer operated in
the continuous step scanning mode using a Cu Ka radiation source was used for the X-ray
analyses. A JEOL 840A scanning electron microscope (SEM) and JEOL 200CX
transmission electron microscope (TEM) were used for the microstructural examinations.
SEM characterization of agglomerate size and microstructural refinement was performed on
powders milled for various times as well as on reacted powders. Back scattered electron
imaging was used for the studies of microstructural refinement.

A Netzsch STA 429/409 Differential Thermal Analyzer at NASA Lewis Research
Laboratories and a modified DTA unit built at Case Western Reserve University were used
to determined the critical and onset reaction temperatures on prealloyed powders as well as
on reacted powders (Nb,Si,). Prealloyed powders (1 hr) aged at room temperature for times
of 1 to 1000 hrs were held at -196°C when the DTA equipment was not immediately
available. For the DTA tests at CWRU, powder samples (2 to 5 grams) were cold pressed
into small discs and a center hole was drilled for the insertion of a K type thermocouple, -
while another K type thermocouple was placed in the alumina crucible as a reference.
Argon gas was used to prevent powder oxidation during the analysis and post-analysis
cooling. Some of these sintered samples were crushed and x-rayed to determine the phase
evolution during DTA analysis.

For the TEM observations, Nb-Si milled pbwders were dispersed on a piece of
carbon film which was supported on a copper grid (3mm in diameter). An additional layer
of carbon film was deposited on top of the dispersed powders in order to avoid
contamination of the microscope. Both bright field and dark field imaging techniques were

employed to observe and identify the particles.

RESULTS AND DISCUSSION

In our previous work on the synthesis of Nb,Si, by the "interrupted process" it was
found that compound formation proceeded by self-propagating exothermic reaction upon
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resumnption of the milling process’. Two major variables controlling compound formation
were identified. A minimum milling time of 1 hour and a minimum cooling time of 2 hours
was required before milling was resumed (Figure 1). The following observations were
analyzed to determine the reasons for the critical milling time and hold time at room
temperature.

Figure 2 shows the microstructural refinement in a Nb-Si agglomerate after MA for
1 hour. Particles within the agglomerate are not uniformly refined, with an average inter-
particle spacing on the order of 1 pm although there are areas where refinument is on a
much smaller scale. According to the theory of mechanical alloying, true alloying occurs
when the microstructural refinement is no longer visible in an optical microscope, roughly a
particle spacing of 0.5 pm. This leads us to conclude that there are small areas where

‘intensive MA energy input promotes Si dissolution in Nb, creating a supersaturated solid

solution with respect to its equilibrium solubility at low processing temperatures (=600-900
K). Upon cooling, Nb,Si, particles precipitate from solid solution as expected from the
equilibrium diagram. Upon resumption of milling, a self-propagating exothermic reaction
takes place, due to a large heat of formation release upon growth of Nb,Si, particles.

Differential Thermal Analyses (DTA) were conduc.2d on powders milled for a total
time of 1 hour immediately after the milling process was stopped as well as after room
temperature "aging" for up to 1000 hours (Figure 3). Figure 4 shows the onset reaction
temperature of Nb,Si, vs. "aging" time at room temperature, with a total temperature
differential of less than 9°C. This small reaction temperature drop suggests that although
"enhanced diffusivity" occurred, it does not play a significant role in the compound
formation in the interrupted process. In order for the reaction to take place as shown in
Figure 5, enhanced diffusivity would have to decrease critical reaction temperature on the
order of 50°C. Here, the critical reaction temperature is the temperature at which the heat of
reaction is large enough to cause a positive increase in the temperature differential between
the sample and the reference thermocouple, while the onset temperature is designated as the
temperature at which the reaction is self-propagating. '

TEM electron diffraction of Nb-Si powders mil'ed for 1 hour (Figure 6) show
particles of Nb+Si mixture as well as Nb,Si, compound. No other metastable, amorphous, or

equilibrium phases were observed.

CONCLUSIONS

The initiation of Nb,Si, compound reaction in the interrupted milling process
occurred via the precipitation of Nb,Si, particles upon cooling from the milling temperature.
Two major parameters controlling the precipitation process are the minimum milling time of
1 hour and the minimum cooling time of 2 hours. The most plausible explanation for the
precxpnanon process is the creation of a non-equxhbnum supersaturated solid solution of Si
in Nb. TEM observations of powders milled for 3'hours failed to show precipitates other

than Nb,Si,, supporting the mechanism of Nb,Si, precipitation.
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Figure 1. Schematic of interrupted milling process
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Figure 2. SEM micrograph of Nb-Si mixture milled for 1 hr )




100
o]  MA Nb-Si POWDERS (1 HR)
| AGED AT ROOM TEMPERATURE
~ 8 — OHR
O I - -
w 1000 HR
2 -
<
g0
E -
a0 S~
< ]
H a0
(SN 4
O *
10 } |
7 / Tcnmcm. |
o w0 | 20 | w0 | o | 0 | 6w
FURNACE TEMPERATURE (C)
Figure 3. DTA trace of MA Nb-Si powders (1 hr) agcd at RT
10203 ‘
1015 ~ MECHANICALLY ALLOYED — CASE DATA
1  NbSIMXTUREFOR1HR A — NASADATA
< 1010
£ 10053
g 10003
W ogo5] A '
e E E\
E 9907
b oesd . - | .
< E ‘ s
O 9803 :
9753 i
970: T LI A RL A LB ISR EERRAL L LB AR LU ¥ LR L BLURALLS ] LR BRI
0.1 i 10 100 1000 10000 .
ROOM TEMPERATURE AGING TIME (HR) .

Figure 4. Reaction onset temperatvre vs. aging time at RT ,




REACTION TEMPERATURE (K)

—~ * <
CRITICAL TEMPERATURE A — CASE DATA

T

4 15 2 25 3 35
MILLING TIME (HR)

 Figure 5. Critical and onset reaction temperature vs. milling time




Environmental Eﬂ’ect's on Ductile-Phase
Toughening in Mb;8i;-11» Composites

Joseph D. Rigney, Preet M. Singh, and John J. Lewandowski

Avarictyof materials have been toughened
via the addition of a ductile phase. Brittle
silicide intermetallics such as Nb.Si; have
been significantly toughened by niobium
particles incorporated during in-situ pro-
cessing techniques. In the work described
here, toughnzss tests conducted on Nb Si-Nb
were monitored in a scanning electron
mizroscope boview the process of toughening
provided by the niobitm particles. In par-
ticular, the behavior of the ductile plase was
monitored and related to the toughness ob-
tained. In an attempt to vary the behavior of
the ductile phase, the composite materials
were exposed to a vari-ty of gaseous envi-
renments and subsequently tested in air.
The resulting toughness, resistance-curve
behavior, and in-situ results highlicht the
importance of the behavior of the ductile
phase on subsequent properties.
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Figure 1. Density vs. melting temperature for
§:3 transition-metat silicides.

INTRODUCTION

Silicides and silicide-based composites provide a number of attractive features for
potential high-temperature service.'* The 5:3 transition-metal silicides in particular
are attractive since they have higher melting temperatures and lower densities than
many of the other intcrmetallic compounds with different crystal structures.» Some of
these materials (those based on Zr, Nb, Mo, Hf, Ta, W, and Re) have melting
temperatures in the range of 2,200 K to 2,800 K. These transition-metal silicides are
extremely stable, existing as line compounds or over only a limited range of stoichiom-
etry *Of the transition-metal 5:3 silicides, NbSi, has the highest melting temperature
(2,757 K) of those with densities below that of the nickel-based superalloys (Figure 1).
The Nb-Sisystem hasbeen of recent interest'-*as a model experimental system tostudy
the mechanical behavior of in-situ composites and the concept of ductile-phase
toughening, because Nb.Si, exhibits a low value of fracture toughness (1-3 MPavm)
and inadequate ambient ductility at room temperature 10

Improving the fracture toughness of the silicide can be accomplishied through
reaction synthesis, ' where niobium is incorporated into a niobium-silicide matrix, or
via lamination,” while in-situ composites may be studied by selecting alloys from the
niobium-richend of the Nb-Si binary phase diagram?“ (i.e, Nb-10at.% Si or Nb-15at.%%
Si), as pictured in Figure 2. Processing materials in this region will precipitate niobium
particles in the Nb,Si; matrix. Vacuum arc casting followed by extrusion and heat
treatment has incorporated elongated primary and secondary ductile, refractory
niobium solid solution (~0.8 at.<z Si) particles within a Nb,Si, matrix.} Thesilicide and
refractory metal are virtually immiscible? up to 1,943 K and differ in coefficient of
thermal expansion by 1 x 104/K, providing a degree of thermal {chemical) and me-
chanical compatibility in these composites to high temperatures. The only other 5:3
transition-metal silicides that exist in equilibrium with their terminal refractory metal
phase are Re,Si,/Re and W,Si./W; however, these silicides have higher densities and
lower melting temperatures than Nb.Si,. The in-situ-formed Nb.Si,/Nb composite
system produced during solidification is thus an ideal model system for studying
factors influencing toughness in these materials systems and is a reasonable base alloy
system for further development.

The incorporation of nivbium particles into the silicide matrix has incresed the
room-temperature fracture toughness of Nb.Si,'~ to values exceeding 25 MPa vm,
and resistance-curve behavior has also been reported in these systems.V Other brittle-
matrix systemshavebeentoughened by adispersed ductile phase, suchas ALO, /AL 121
TiAl/(Nbor NbTi),"* MoSi,/ Ta,"* and MoSi,/ Nb,'» ¥ inaddition to model systems such
as glass/Pb™" and glass/(Al or Ni).*

Several apalyses have proposed that ductile-phase toughening is accomplished via
ductile bridging of intact ligaments behind the crack tip along the fracture plane (sce
Figure 3)."%The degree of toughening depicted by these analyses depends primarily
on the stress-strain behavior or x-function of the ductile ligament with the constraint
imposed by the surrounding elastic matrix. The degree of matrix-ductile phase
debonding will af{ed the stress-strain behavior of the ligament. Toughening is also
proposed to be related to the size (a,) and area fraction (V) of the iigaments in the’
fracture plane as well as the uniaxial yield strength (a)) of the ligaments. These de-
pendencies are depicted in the following relation:™2

AG=V,-x -0, a,

Recent work'™ !t hasbegunto measure the extent of bridging and its effecis on resultant
resistance (R)-curve behavior in the Nb.Si,/Nb systems.

Although it has been previously demonstrated that incorporation of “ductile”
particlesiseffectiveinenhancing toughness, a variety of factors may affect the ductility
of a body-centered cubic phase used for such toughening. In particular, little work has
investigated the effects of interstitial elements on such processes. One way to examine
such effects is tostudy the room-temperature fracture behavior after exposure to high-
temperature gascous environments.

It is possible that exposure to air, or the major components of air (i.e., oxygen and
nitrogen)and hydrogen, may affectthe yield and fracture strengths and ductility of the
“ductile” phase, thereby affecting the magnitude of toughening. Although some




The work reported here is part of a larger effort undertaken to investigate the
behavior of the ductile phase in such systems in order to provide insight into the factors
affecting toughness in other brittle /ductile svstems. In particular, the development of
bridged zones and the resistance curve in Nb.Si,/Nb compotiies has been quantified
by monitoring in-situ fracture studies. These results have then been compared to the
room-temperature fracture behavior of samples simply exposed to air, oxygen.
nitrogen, or hydrogen at temperatures up to 873 K to document the effect of these
exposures on the mechanical behavior of the niobium in in-situ composite

systems.
EXPERIMENTAL PRCCEDURES

The materials investigated were initially vacuum are-cast with a composition of Nb-
10 at.% Si or Nb-15 at.% Si (Westinghouse, Pittsburgh, Pennsylvania). Secondary
procussing—such as hot extrusion (in molybdenum cans at 5.5:1 and 1,923 K by
Wright-Patterson Air Force Base, Dayton, Ohio) and vacuum heat treatment (1,773 K
for 100 h)—was utilized to change the morphology and fracture behavior of the
primary and secondary niobium contained within the Nb.Si, matrix. Notched three-
* point bend bars were then machined from the extrusions such that the notch was
perpendicular to the extrusion direction while testing was conducted in accordance
with standard testing procedures.* The sides of the samples were polished toa 1 pm
finish to facilitate fracture monitoring via optical or scanning electron microscopy
(SEM) techniques.

Mechanical tests on the three-point bend specimens were conducted at a load peint
displacement rate of 1 pm/s on a JEOL 840A scanning electron microscope equipped
with an Oxford Instruments deformation stage. The deformation stage may be
operated in tension, compression, or bending and provides a range of loading rates in
addition toreal-time monitoring of load, displacement, and crack length. The polished
sample surfaces weie oriented perpendicular to the electron beam so that surface
cracking events could be monitored. Computer-aided data acquisition was used to
record load versus time traces for the various tests that were conducted, and the data
were later converted to load-load point displacement (LPD) traces. The loads (P) at
which initial and subsequent cracking events were observed were used in the follow-
ing equation® to determine the initiation toughiess of the sample as well as R-curve
behavior. (Variables are defined above.)

P.S a
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Post-failure analysis consisted of SEM examination of the fracture surfaces in locations
neighboring the notch tip in order to observe the fracture behavior of the niobium.
Environmental exposuretoair, N,,O,,and H, was conducted in either a tube furnace
or a Cahn 3000 microbalance under 1 atm pressure of the gases. Heat-treatment
schedules were kept the same at 873 K for 4 h except for additional exposures to H, at
473 K and 673 K. Samples were exposed at 873 K, as this temperature is close to the
temperature that gives maximum weight gain for niobium in an oxygen environ-
ment.® Vickers microhardness indentations with 10 g loads for 15 s were additionally
made on the unexposed and exposed samples to try to detect differences in mechanical

response.
MECHANICAL BEHAYIOR

Figure 4 shows the typical appearance of the extruded and heat-treated Nb.Si,/Nb
composites taken in three orientations; the orientation of the notched three-point bend
specimen with respect to the microstructure is also shown. In the Nb-10 at.% Si
material, the large primary niobium particles occupy ~51 vol.%, while the continuous
phase is the Nb,Si, + Nb eutectoid microconstituent. In the case of Nb-15 at.% Si, the
silicide Nb,Si, occupies ~20 vol.%.

In-Situ Testing

Figure 5a shows a typical load-LPD trace obtained during in-situ fracture toughness
testing of Nb-10 at.% 5i composite samples and the corresponding K versus Az plots
in Figure 5b. Figure 6 shows a sequence of photomicrographs of a well-developed
crack at several points in the load-displacement trace with increasing load from 6a to
6d. In Figure 6a, bridging events are clearly visible in the microcrack “damage zone”
in the Nb,Si, extending over 300 um ahead of the contiguous crack. With increasing
load (Figure 6b), the microcrack damage zone intercepts a large niobium particle (light
contrast), and then extends on the other side with an increase in load (Figure 6¢).
Significant deformation in this niobium particle is clearly visible; in Figure 6d, the
deformation is so ext-nsive that the particle has almost necked to a point. The bridged
zone remains roughly constant with increasing load. After fracture, SEM micrographs
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Figure 2. The relevant portion of the recently
modif:ed niobium-rich end of the Nb-Si phase
diagram.?”
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Figure 3. (a) A schematic view of the ductile-
phase toughening phenomenon. (b) Normai-
ized stress-strain curves depicting ditferences
that result from constraint hanges in the
parnticles.’® %
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Figure 4. Microstructures of the arc-cast, ex-
truded, and heattreated (a) Nb-10 at.%% Siand
{b) Nb-15 at.% Sicomposites. The lightphase
is the niobium and the darker phase is the
Nb,Si,. (c) The orientation of the mechanical
testing with respect to the microstructures
shown.
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Figure 5. (a) Typical load-load point displacement traces from the three-point bend mechanical
tests. (b) 1l’he corresponding stress intensity (K) vs. crack extension (Aa) plots for Nb-10 at.% Si.

Figure 6. (a-d) A sequence of micrographs showing the effects of increasing load and load
displacement obtained from in-situ testing a Nb-10 at.% Si composite in the SEM.

were taken of the fracture surface in areas ahead of the notch within the rising portion
of the resistance curve. The niobium was observed to behave in a ductile manner
(Figure 7), stretching to a point at several locations. This ductility contributes to the
resistance-curve behavior and the high peak toughness detected in the Nb,Si,/Nb
composites.

Exposure to Air

Figures 8 and 9 show the results of in-situ SEM bend testing after exposure to air at
873 K for 4 h and removal of the white oxide scale from the surface and po'ishing to a
1 um finish. These recults are clearly different from that found in the unexposed
material shown in Figures 5 and 6. Although cracks are observed to initiate at
approximately the same values and grow stably, the rise in the resistance curve is
significantly shallower than the unexposed material, and the sample caiastrophically
fractured at 19 MPay'm, at about one-half the stress intensity measured prior to air
exposure. InFigure9, a sequence of photographs of a crack propagating from the notch
is shown with increasing load from Figure Ya to 9d. In contrast to Figure 6, the crack
is planar (i.e., minimal damage zone) and the niobium is clearly behaving in a
macroscopically brittle fashion, although some deformation is evident at the tip of the
crack.

Itis clear that exposure to air at 873 K has significantly reduced the toughness of the
Nb-15 at.% Si composite, although the resulting toughness is still significantly in
excess of the monolithic silicide. The niobium has been embrittled, at least at the
surfaceof the sample, causing fracture before significant macroscopic deformation can
take place. [t was summarized above that changes in the stress-strain response of the
niobiumcanaffect the resulting toughnesses dictated by the ductile-phasetoughening
phenomenon. In the unexposed case, the niobium car deform extensively without
fracture. However, lower toughness is obtained after air exposure as fracture precedes
significant deformation.




Nitrogen Exposure

Both composite types were exposed in their as-notehed condition to N, at 873K for
4 hand subsequently tested at room temperature on the SEM bend stage. Samples did
not exhibit visible scaling or measurable weight gain during exposure. When tested,
peak toughnesses were slightly higher than those found in the unexposed cases.
Unlike the results after air exposure, fracture propagated with visible plasticity of the
niobium and a microcrack process zone. Fracture surfaces were similar to those
observed in the as-processed unexposed material (Figure 7).

Vickers indentations were made in niobium particles on the sample surfaces and in
the bulk. Hardness values of the niobium on the surface were 265 £ 22.8 VHN, while
those in the bulk were 167 + 17.4 VHN; unexposed hardnesses were about 164 VHiN.
The surface was significantly hardened by nitrogen, while the bulk was unaffected.

From these results and observations of plasticity in the notch-tip regions, it is
reasonable to suggest that the nitrogen has increased the yield strength without
causing brittle fracture of the niobium, providing for a greater degree of toughening,
The effect of solid solution strengthening of niobium with nitrogen has been previ-
ously observed.™ These results indicate that nitrogen at these levels does not contrib-
ute to embrittlement of compuosites or a drop in toughness observed in the specimens
given an air exposure at 873 K.

Oxygen Exposure

Samples wereexposed to pure O, at 873 K for 0.5 hin either the notched or unnotched
conditions, producing a surface oxide that was removed by polishing. Toughness tests
indicated a lack of macroscopic ductility in the niobium accompanied by a drop in
toughness to 20 MPa'm for the Nb-10 at.% Si sample. Fracture surfaces (Figure 10)
showed that the niobium in the center of the sample deformed in a ductile manner, as
observed in the nonexposed cases. However, in areas near the surface (within ~30 pm)
the niobium fractured in a brittie transgranular fashion, as shown in the schematic in
Figure 11. A ring of transgranular fracture along the exposed surfaces of the specimen
was exhibited, while microhardness indentations in these regions indicated that the
riobium was hardened to 255 + 37 VHN by oxygen dissolution to a depth roughly
corresponding to the depth of the brittle fracture. The hardnesses in the bulk of the
specimen remained unchanged and these areas fractured in a ductile manner.

To determine whether the decrease in toughness and stable crack growth resulted
from this affected surface layer, an unnotched sample was exposed to 1 atm O, at a
temperature of 873 K for 0.5 h. Fifty micrometers were then removed from each face
and the specimen was then notched to the standard depth. The toughness of this
sample was nearly identical to that exhibited by the unexposed specimen, and the
fracture was ductile. Thus, the effect of the oxidation was found to be only on the
exposed surface, and removal of the embrittled layer restored the original properties.

EPt eyt

Gy
Ny d &(;sp" ‘.1

Figure 7. The fracture surface of Nb-10 at.%
Siin the region of the rising resistance curve.
Ductile stretching of the niotium is observed.
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Figure 8. (a) The load-load point displace-
ment trace obtained when testing an air-
exposed (873 K, 4h) sample in the SEM bend
stage. (b) The corresponding K-Aa curve ob-
tained with the observation of stable crack -
growth on the outer surface (cf. Figure 2).

Figure 9. (a-d) A sequence of micrographs
depicting the effects of increasing load and
LPD on a crack extending from the notch in a
sample exposed to air at 873 K for 4 h.
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Figure 10. The fracture surface of the Nb-10
at.% Si samples exposed to oxygen for 0.5 h
at 873 K. A surface layer has been embrittled
by the oxidation.
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Figure 11. A schematic summarizing the frac-
ture surface details and the hardnesses of the
niobium in various positions on the oxiaized
samples.

Figure 13. A view of a crack initiated from a
notch in a hydrogen-embrittied sample.
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Figure 14. A schematic comparing the en-
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exposed and embrittled samples.
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Table I. Room-Temperature Toughness ot Nb-15 at.% Si Composites
After Hydrogen Exposure

Nb-15 at.% Si

Temp. (K) Nb-15 at.% Si After Bakeout® Comments

473 24.7 MPavm - No embrittlement
(R-curve behavior)

673 7.69 MPavm Weight loss Reversible
(Unstable crack growth) embrittlement

873 5.65 MPavm Weight loss Reversible
(Unstable crack growth) (28.5 MPaym) embrittlement

Unexposed 24.5 MPaym

(R-curve behavior)

* 873 K, 4 h exposure.

Figure 12. The fracture surfaces of hydrogen-embrittied (a) Nb-10 at.% Si and (b) Nb-15 at.% Si
showing transgranular fracture of the niobium.

Hydrogen Exposure

Samples of Nb-15 at.% Si ere exposed to 1 atm of H, at different temperatures
between 473 K and 873 K for 4 h and tested in the SEM bend stage. The results of the
toughness tests and observations are presented in Table . After charging at 673 Kand
above, fracture was often catastrophic, and the tonghnesses were substantially de-
creased. The decrease in fracture resistance was accompanied by a change in fracture
mode from ductile tearing to cleavage over the entire fracture surface (Figure 12). A
crack that had initiated froma notch during in-situ testing is pictured in Figure 13. The
crack is contained in one plane rather than in a “damage zone” as exhibited in the
untreated case (cf. Figure 6). After exposure at 473 K, no embrittlement was observed,
because the sample behaved as in the untreated case. Samples given a vacuum heat
treatment after hydrogen charging similarly showed no embrittlement, indicative of
the reversibility of the hydrogen embrittlerrent.

The drop in the toughness resulted from the brittle fracture of the niobium over the
entire fracture surface. Unstable crack growth and low toughness were observed
because the niobium was unable to deform. significantly before fracture intervened.

CONCLUSIONS

It is clear that the niobium particles in Nb,Si,/Nb composites produce resistance-
curve behavior and significantly increased toughness over that of NbSi,. As illus-
trated schematically in Figure 14, the niobium is able to stretch and deform prior to
fracture, absorbing a large amount of energy (the large area beneath the stress-strain
curve). Simple exposure to different gases at high temperatures and returning to room
temperature clearly alters the mechanical behavior of the niobium, thereby altering the
peaktoughness. Intheair-and oxygen-exposed cases, the toughnesses were decreased
because brittle fracture of the niobium preceded extensive macroscopic deformation
on the specimen surfaces, although resistance-curve behavior was exhibited due to the
ductile behavior of the niobium in the remaining portions of the specimen. Figure 14
schematically presents the behavior of the niobium in the oxidized cases. Nitrogen
exposure increased the hardness of the niobium without causing brittle fracture, while
Figure 14 suggests that the net effect was a slight increase in energy absorbed via an
increase in area underneath the stress-strain curve, leading to higher fracture
toughnesses than in the unexposed cases. After hydrogen charging, all niobium in the
structure fractured in a brittle manner with low toughness, suggesting a severe
truncation of the stress-strain curve (Figure 14), thereby producing a low toughness.

This work highlights the importance of understanding the role of interstitial
contaminants as well as the behavior of the “ductile” phase on the resulting properties.
The limited work presented here clearly shows that the “ductile” phase is affected in
different ways by high-temperature gaseous exposure. Additional work is necessary




to investigate the mechanismy(s) responsible for embrittlement by oxygen and hydro-
gen, as well as the relatively benign effects of exposure to nitrogen. Such work high-
lights the continuing need to develop material systems more resistant to the interstitial
contaminants and environments that may be present in processing and service.
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PAPER 6

Strength and Ductile-Phase Toughening
in the Two-Phase Nb /NbsSi; Alloys

MADAN G. MENDIRATTA, JOHN J. LEWANDOWSKI, and DENNIS M. DIMIDUK

The effect of heat treatment on the mechanical properties of Nb-Nbs-Si, two-phase alloys having
compositions Nb-10 and 16 pct Si (compositions quoted in atomic percent) has been investi-
gated. This includes an evaluation of the strength, ductility, and toughness of as-cast and hot-
extruded product forms. The two phases are thermochemically stable up to ~1670 °C, exhibit
little coarsening up to 1500 °C, and are amenable to microstructural variations, which include
changes in morphology and size. The measured mechanical properties and fractographic analysis
indicate that in the extruded condition, the terminal Nb phase can provide significant toughening
of the intermetallic Nb,Si; matrix by plastic-stretching, interface-debonding, and crack-bridging
mechanisms. It has been further shown that in these alloys, a high level of strength is retained

up to 1400 °C.

I. INTRODUCTION

ADVANCES in aerospace technology are paced by the
continuing search for light weight durable materials which
retain their strength and stiffness at very high tempera-
tures. There are a large number of intermetallic com-
pounds, some of which have the potential for being
developed into structural materials for service in turbine
engines and hypersonic vehicles at temperatures from
1000 °C to 1600 °C.!"-* Most of the intermetallics with
high melting temperatures have complex, low-symmetry
crystal structures which possess strong directional atomic
bonds. It is generally believed that the strong bonding is
responsible for retention of mechanical properties, such
as high strength, stiffness, and creep resistance (due to
low diffusivity) at high temperatures. and the compiled
data on these materials have shown that these properties
directly scale with melting temperature.!! However, this
same attribute often contributes to a lack of ductility and
low fracture resistance at low temperatures. These com-
pounds may be exploited for high-icmperature structural
use provided their low-temperature fracture resistance can
be enhanced without compromising the attractive high-
temperature properties.

The microstructural aspects of toughening and fracture
have been treated in numerous studies of conventional
multiphase metallic alloys, and the results have been
summarized in a recent review article.’! However, only
limited research has been carried out on toughening
mecharilisms in brittle intermetallic compounds. Conven-
tional approaches to intermetallics have employed ap-
propriate alloying and thermomechanical processing to
enhance) toughness; an example of this is the toughening
of titanium aluminide alloys.!*”# The addition of brittle
reinforcements which provide crack-deflection, crack-
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bridging. and pull-out toughening is an approach which
is being explored in ceramic-matrix composites and may
be exploited in the intermetallic systems. An example!!
of the latter material is the a,-based titanium aluminide
(Ti-24 at. pct Al-11 at. pct Nb) reinforced by continuous
silicon carbide fibers (SCS-6). An additional possibility
is to provide damage tolerance by the addition of a well-
dispersed ductile phase in a brittle matrix. In general,
this latter case may be achieved by “phase blending,"!'?!
provided that thermochemical stability is unimportant in
the final product. However, for high-temperature struc-
tural use, thermochemical stability is an important con-
sideration, and, therefore, composite systems whose
components exhibit a high degree of inherent thermo-
chemical stability (e.g., stable in situ two-phase sys-
tems) are more suitable for long-term high-temperature
applications. Among these systems, those with the high-
est phase stability temperatures and lowest lattice per-
meability will provide the greatest thermal resistance to
chemical and morphological changes.

A number of systems consisting of brittle matrices have
been investigated in which considerable toughening is
achieved by incorporating ductile inclusions or binders.
Some examples of these systems are Glass-Al!"
WC-Co,!"?! Al,0,-AL!"Y and TiAI-Nb.l'% In these sys-
tems, the plastic-stretching of the ductile particles which
bridge advancing cracks in the brittle matrix reduces the
crack tip stresses, thereby yielding an increment in
toughness over that of the matrix. The challenge for de-
signing these systems is the ability to predict the tough-
ening increment for a set of ductile-phase properties. For
this, the stress supported by the ductile phase must be
known as a function of crack-opening displacement under
the conditions of constraint provided by the composite
matrix. Recent theoretical investigations have utilized three
approaches to analyze the variation of nominal stress,
o(u), carried by stretching particles with the crack-opening
displacement, #. The three approaches!'3!—the finite
element method, the slip-line field analysis, and the
Bridgeman analysis for necking — are complementary and
have the following major assumptions: the particles are
strongly bonded (i.e., fully constrained by the surround-
ing elastic matrix) and fail by pure plastic rupture with-
out interface decohesion. Within these approximations,
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the toughening increment can then be calculated as the
area under the o(u)-u curve, with the maximum- value
of u being that for which the ductile particles rupture.
However, recent experimental work by Ashby et al.!'l
involving ductile lead wires constrained by thick-walled
pyrex capillary tubing has shown that the assumptions
involved in the above-mentioned analyses are not true
and that a number of mechanisms contributed to the fail-
ure of the lead wires. These mechanisms strongly cor-
relate with varving degree of constraint and, therefore,
varying degree of toughening. They include internal void
growth in the ductile lead wires, interface decohesion,
and a combination of cracking the brittle matrix and
interface decohesion. The toughness increased with in-
creased propensity of interface debonding prior to the
final failure of the lead wires.

The phase relationships within the Nb-Si system''! in-
dicate that this system offers the possibility of providing
composite-like materials consisting of a refractory metal
(i.e., terminal Nb phase with Si in solid solution) and
an intermetallic having a high melting temperature (i.e.,
Nb,Si; phase). Recent work on the microstructural evo-
lution in the equilibrium (Nb + Nb;Si,) two-phase field
has shown that the microstructures are thermochemically
and morphologically stable (low coarsening rates) for times
at least up to 100 hours at 1500 °C.!''") The present
research is concerned with an investigation of the me-
chanical behavior of the two-phase Nb/Nb;Si, alloys
which may be best understood as discontinuously rein-
forced brittle matrix composites. Special emphasis has
been put on the low-temperature toughness and high-
temperature strength. It is shown that in this system, a
range of microstructures can be produced through com-
position variation and various thermomechanical treat-
ments. This system is much more complex than the model
system comprised of glass encapsulated lead wires. This
complexity is associated with solidification micro-
structures and slow kinetics of phase transformation,
geometry/morphology of various microconstituents, and
subtle metallurgical changes (recrystallization and sili-
cide precipitation) which might occur in the terminal Nb
phase.!'8" Nevertheless, it is shown that under certain
conditions, the Nb phase behaves in a ductile manner
and provides considerable toughening of the silicide ma-
trix. The fracture mechanisms are documented through
extensive scanning electron microscopy (SEM) fracto-
graphy and are discussed in light of recent theoretical
and experimental research on the concept of ductile-phase
toughening of brittle matrices.

II. EXPERIMENTAL PROCEDURE

Two hypoeutectic compositions, Nb-10Si and Nb-16Si
(all compositions are in atomic percent), were selected
for the present investigation. For the Nb-10Si alloy, me-
chanical properties were measured in three conditions:
(a) as-cast + heat-treated, (b) as-cast + hot-extruded,
and (c¢) as-cast + hot-extruded + heat-treated condition;
however, the Nb-16Si alloy was tested only in the as-
cast + hot isoriatically pressed (HIP) + heat-treated

condition. Except for the hot extrusion, the alloys were

prepared in the form of 250-g buttons which were cast
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employing triple nonconsumable arc-melting of elemen-
tal Nb machine turnings and elemental Si pellets. For
the hot extrusion, a casting 6.35 cm in diameter X 13-cm
long was prepared by consumable double AC arc-
melting.*

*Procured from the Westinghouse Corporation, Pittsburgh, PA.

Vacuum fusion analysis was carried out on the cast-
ings to obtain the interstitial impurity content. The ox-
ygen content varied from 0.02 to 0.03 wt pct, the nitrogen
from 0.007 to 0.01 wt pct, and the carbon from 0.015
to 0.03 wt pct. The wet chemical analysis revealed Si
content to be within 0.1 wt pct of the nominal, and
spectrographic analysis revealed the presence only of trace
amounts of metallic impurities, i.e., total content less
than 500 ppm by weight. The large casting of the Nb-10Si
alloy was sealed in a 0.634-cm-thick Mo can; the can
was heated to 1426 °C and extruded through dies main-
tained at 260 °C at a 4.5 : 1 extrusion ratio. The hot iso-
static pressing of the 250-g buttons of the Nb-16Si alloy
was carried out at 1700 °C /210 MPa /4 h without can-
ning using commercial purity argon gas.

Samples machined from the buttons and the extrusion
were wrapped in Ta foils (to minimize oxygen pick-up)
and heat-treated in 107° torr vacuum at a temperature of
1500 °C for 100 hours. The temperature and time were
chosen to ensure that the microstructure consisted of

“equilibrium Nb + Nb,Si, phases.!!” The mechanical

properties, i.e., strength, ductility, and fracture tough-
ness, were measured as a function of test temperature by
performing bending tests in vacuum at a crosshead speed
of 0.0254 cm /min. Bend strength was measured by per-
forming four-point bending tests on bars having dimen-
sions 3.175-cm long X 0.635-cm wide X 0.317-cm thick.
The bars were machined using electrical discharge ma-
chining (EDM) and were polished to 600 grit finish on
SiC pag:r prior to testing. The bending test also pro-
vided a qualitative indication of ductility. The fracture
toughness, K, was determined by three-point bend test-
ing utilizing single-edge notch specimens at a crosshead
speed of 0.0254 cm /min; this speed is in compliance
with ASTM specification E-399. The bend bar dimen-
sions for K, tests were 5.08-cm long X 1.25-cm wide
X 0.953-cm thick, and the EDM notch dimensions were
0.254-cm deep X 0.02-cm root radius.

The microstructures were characterized mainly by SEM
using the backscattered electron mode which provides
contrast primarily dependent upon the atomic number and
the proportion of elements present in a given phase. X-ray
diffraction and quantiiztive electron probe microanalysis
(EPMA) using ZAF iterative corrections were carried out
to identify various phases. Finally, SEM fractography
was carried out tu characterize the fracture modes.

III. RESULTS

A. Microstructures

The phase relations, general microstructural evolu-
tion, and kinetics of phase transformation in a number
of Nb-Si alloys (composition range: Nb-0.25 to 29Si)
have been presented in recent publications'!®!®! and are
to be published in the near future.!'” In this paper, we
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present results only on Nb-10Si and Nb-16Si; specifi- the as-solidified condition. After a 100-hour heat treat-
cally, a description of the microstructural features per- ment at 1500 °C, the eutectic microstructure e:hibited
tinent to the mechanical properties. Figure 1 consists of some coarsening (Figure 1(c)), with the Nb,Si phase
SEM micrographs for the Nb-10Si alloy in the as-cast completely transforming to the equilibrium Nb,Si, and

condition and after heat treatments at 1500 °C for 3 and Nb phases via a eutectoid transformation. The high mag-
100 hours. As revealed by EPMA and X-ray diffraction, nification examination of the eutectoid microconstituent
in the as-cast condition, the microstructure consists of (Figure 2), revealed that the Nb;Si; phase is the contin-
large primary-Nb particles (bright phase) and a fine two- uous matrix. Therefcre, the overall composite equilib-
phase eutectic mixture of Nb,Si (dark matrix) and Nb rium microstructure can be viewed as large dendritically

rods (bright phase). Thin-foil transmission electron formed Nb particles and small eutectically formed Nb
microscopy (TEM) observations revealed that the large particles uniformly distributed in the silicide matrix. For
primary-Nb particles contained incoherent small parti- the 1500 °C /3 h heat treatment, the Nb particles in the
cles (~0.5 um) which were presumed to be silicide pre- eutectic mixture grew slightly; X-ray diffraction revealed
cipitates. This precipitation most likely occurred due to the presence of intense Nb and Nb,Si peaks (JCPDS Card
decreasing Si solubility in the terminal Nb phase with #220763) and weak Nb,Si; (JCPDS Card #30-874) peaks.
decreasing temperature. The backscattered SEM image The microstructure of the Nb-16Si alloy in the as-cast
of primary-Nb (Figure 1) shows a mottled dark contrast + HIP + 1500 °C /100 h heat-treated condition was sim-
associated with the silicide precipitates. The presence of ilar to that for the Nb-10Si alloy described above except
the Nb;,Si phase (instead of the equilibrium NbsSi; phase) for a difference in the relative volume fractions of the
indicates that the alloy is in metastable equilibrium in primary-Nb phase and the eutectoid microconstituent.

!
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Fig. 1—Microstructure in the cast Nb-10Si alloy: (a) as-cast; (b) 1500 °C /3 h; and (c) 1500 °C /100 h.
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Fig. 2— Microstructure of the equilibrium eutectoid micro zonstituent
(Nb.Si, matrix containing sccondary Nbh-phase particles) in the as-cast
+ heat-treated (1500 °C /100 h) Nb-10Si.

Quantitative descriptions of the microstructural param-
eters (i.e.. volume fraction, size, erc.) for the two alloys
are presented below.

In order to investigate the microsiructures and prop-
ertics of the wrought alloy, the Nb-10Si alloy was hot-
extruded. Figures 3(a) and (b) are the SEM micrographs
at respectively higher magnitications of the longitudinal
section of the Nb-10Si alloy extruded at 1426 °C at
an extrusion ratio of 4.5:1 and heat-treated at
1500 °C/100 h. It can be clearly seen that the pri-
mary-Nb particles are aligned in the extrusion direction.
This microstructure should be compared to that of the
as-cast + heat-treated Nb-10Si alloy (Figure 1(c¢)) which
shows a distribution of the nonaligned large primary-Nb
phase. The morphology of the smaller Nb particies in
the eutectoid microconstituent with the Nb,Si, matrix ap-
pears to be irregular in both the as-cast + heat-treated
and as-cast + extruded + heat-treated conditions
(Figures 2 and 4, respectively).

Statistical quantitative metatlographic analysis/?! was
carried out on a large number of SEM micrographs to
quantify the microstructures in the Nb-10Si alloy in the
as-cast + heat-treated, as-cast + extruded, and as-cast
+ extruded + hecat-treated conditions. The determined
microstructural parameters were (a) volume fractions of
primary- and secondary-Nb phases, (b) size distribution
of primary- and secondary-Nb phases, and (c) surfiace-
to-surface interparticle spacing for primary-Nb particles
along a planar front. The volume fractions were mea-
sured using a standard point-counting technique, and the
size and interparticle spacing distributions were mea-
sured using a standard linear intercept analysis.!"”! The
volume fractions (within one standard deviation) and sizes
are given in Table 1. while the distribution of the surface
to surface distance, A, is plotted in Figure 5 for the
Nb-10Si alloy in the three thermomechanical conditions.
The measured volume fractions were found to be in close
agreement (within the experimental crror) with values
calculated using the presently accepted Nb-Si phase dia-
gram'*! by lever rule. For instance, the equilibrium vol-
ume fractions of the Nb and NbsSi; phases, as calculated
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Fig. 3 (a) and (b) Microstructure of the longitudinal section of the
extrudad + heat-treated (1500 °C /100 h) Nb-10Si alloy. The primary
Nb-phase particles are aligned parallel to the extrusion direction (hor-
izontal in these micrographs).

Fig. 4 —Irregular morphology of the secondary-Nb particles within
the Nb.Si, matrix in the as-extruded + heat-treated (1500 °C /100 h)
Nb-10Si alloy.
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Table 1. Volume Fraction and Size of Various Phases in Nb-Si Aloys

Volume Fraction * o : Size

Thermomechanical

Alloy Condition Primary-Nb Secondary-Nb Silicide Primary-Nb Secondary-Nb
Nb-10Si  As-cast + 1500 °C/ 0.443 x 0.08 0.279 £ 0.04  0.277 £ 0.04  dendrite arm length  length = 2 to
100 h (NbsSiy) 20 to 150 pum, 6 pm, average
average Cross- cross-sectional
sectional diameter diameter =
=12.5 um 1.33 um
As-cast + extruded  0.505 = 0.08 0.173 £ 0.02  0.321 £ 0.02 aspectratio = S5to  length = 2 to
(Nb,Si) 10, average 8 um, average
cross-sectional cross-sectional
diameter = diameter =
12 pm 1 um
As-cast + extruded  0.485 * 0.05 0.274 = 0.01  0.241 = 0.0l aspect ratio = 5to  length = 15 to
+ 1500 °C/100 h (NbsSi,) 10, average 20 pm,
cross-sectional average Cross-
diameter = sectional
15 pm diameter =
3.5 um
Nb-16Si  As-cast + HIP + 0.246 = 0.04 0.371 £ 0.03 - 0.383 = 0.03 dcndrite arm length  length = 1.5 to0
1500 °C /100 h 20 to 120 um, S um, average
average Cross- cross-sectional
sectional diameter diameter =
=10 um 2 um
The microstructure of the HIP + heat-treated Nb-16Si
I8 o~ TS ST AT alloy consisted of a low-volume fraction (~0.25) of large
N\ : dendritically formed primary-Nb particles in a eutectoid
. —-—AS EXT. + HT. y pnmary p

NUMBER OF DATA

A,um

Fig. 5— Distribution of surface-to-surface interparticle spacing for
primary-Nb particles in the Nb-10Si alloy for the three thermo-
mechanical conditions.

using lever rule, are 0.758 and 0.242, respectively; these
values compare well with the observed values for the
cast + heat-treated (0.722 and 0.277) and extruded +
heat treated (0.759 and 0.241) alloys. From Figure 5, it
can be seen that there is little difference in the distri-
bution curves for A in the three thermomechanical con-
ditions for the Nb-10Si alloy; the significance of this
observation in the context of fracture behavior will be
discussed later in this paper. '
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matrix consisting of equilibriuzn Nb;Si, matrix and small
secondary-Nb particles. The size distribations of the two
types of Nb particles was nearly similar to those fri tn.-
as-cast + heat-treated Nb-10Si alloy, indicating . hot
isostatic pressing at 1700 °C did not affect w.c micro-
structure significantly. This is in accord with the kinetic
data''”! which exhibit extremely slow coarsening rates in
alloys in the Nb-Si system.

B. Mechanical Properties

1. Microhardness of the primary-Nb

The present investigation indicated that in the Nb-108Si
alloy, the primary-Nb plays an important role in the frac-
ture process. Therefore, the microhardness as an ap-
proximate representation of the flow stress of the
primary-Nb was determined in the as-cast + heat-treated,
as-cast + extruded, and as-cast + extruded + heat-treated
conditions. A Knoop diamond indentor was employed
using a 10-g load on metallographically polished and
etched samples. This indentation load was sufficiently
small such that the Knoop impression was completely
contained within the large Nb particles. Eight indenta-
tions were made for each condition. The microhardness
values were 338 * 41 (one standard d--iation), 181 *+
14, and 161 = 19 DPH, for the as-cast + heat-treated,
as-cast + extruded, and as-cast + extruded + heat-treated
conditions, respectively. These values clearly indicate
that the extrusion process renders the primary-Nb much
softer than its initial condition in the cast + heat-treated
alloy. A reasonable estimate of the uniaxial yield strength
of the Nb phase can be made from the hardness values
using the following simple relationship: o, = 0.8 x
3 DPH.P The estimated yield-strength values are 811,
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434, and 386 M™a, respectively, for the three condi-
tions. It should be mentioned here that as reported in a
previous publication,!'® the room-temperature elastic-limit
strength for the cast + heat-treated solid solution
Nb-0.25Si alloy was measured in four-point bending to
be ~560 MPa, while the room-temperature fracture
strength of the as-cast + heat-treated Nb-1.25Si alloy
(solid-solution Nb-Si matrix with silicide precipitates) was
~840 MPa; these values bracket the estimated strength
of the primary-Nb phase in the present alloy for the cast
+ heat-treated condition.

2. Bend Properties

The smooth-bar four-point bending properties of the
cast Nb-10Si alloy heat-treated to produce equilibrium
Nb + Nb,Si, phases (1500 °C /100 h; Figure 1) are pre-
sented in Figure 6, along with the properties in the as-
cast + 1500 °C/3 h heat-treated condition. In this
figure, the elastic limit strength is given by oy and im-
plies the occurrence of some nonlinearity in the load-
deflection curve (possibly due to plasticity or stable
microcracking) during bending, while o is the elastic
fracture stress implying no nonlinearity (i.e., no plastic-
ity or stable microcracking). Data could not be obtained
below 1000 °C for the cast alloy without the prolonged
equilibrium heat treatment due to its extreme brittleness.
After the long heat treatment, however, the elastic-fracture
strength data wcre obtained down to room temperature
and the brittle-to-ductile transition (as indicated by the
nonlinearity in the load-deflection curve and the per-
manent curvature of the bend bars without surface
microcracking) occurred at 1200 °C as compared to
1400 °C for the as-cast + 1500 °C /3 h condition. These
minor improvements in bending properties are throught
to be due to decreased Si content in the primary-Nb and
due to some coarsening and an increased volume fraction
of the Nb phase as a result of Nb;Si — Nb,Si; + eu-
tectoid transformation. It should be mentioned here that

Nb-10Si
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Fig. 6— Variations of bending strength with temperature for the
Nb-10Si alloy in the as-cast + 1500 °C/100 h and as-cast +
1500 °C /3 h conditions. The term o5 represents (premature) fracture
strength with no nonlinearity in load-deflection curves, while oy rep-
resents proportional limit strength implying nonlinearity in load-
deflection curves.
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even though the alloy exhibited some ductility at
1200 °C after the prolonged heat treatment, this ductility
was very small (<1 pct) and that with further tempera-
ture increase (i.e., at 1400 °C), the ductility increase was
not significant.

Alloys with a Si content higher than 10 at. pct con-
tained numerous microcracks which occurred during
cooling from the melt and, thus, precluded the possibil-
ity of obtaining meaningful bending test data. Therefore,

the Nb-16Si alloy was HIP to weld shut internal cracks.

Bend bars were machined from the HIP alloy, heat-treated
at 1500 °C for 100 hours, and polished using a 5 um
Al O, polish. No microcracks were visible on the sur-
faces. The microstructure of the HIP + heat-treated
Nb-16Si alloy consisted of a low-volume fraction of large
primary-Nb particles (Table I) and a high-volume frac-
tion of a fine eutectoid (Nb + NbSi;) microconstituent
similar to that shown in Figure 1. Figure 7 shows the
bend properties of the HIP + heat-treated Nb-16Si alloy.
The alloy exhibited fracture strengths of ~483 MPa
(70 ksi) at room temperature and ~400 MPa (58 ksi) at
1400 °C and a brittle-to-ductile transition at 1500 °C.

The strength dropped rapidly above 1500 °C, having a

value of ~124 MPa (18 ksi) at 1600 °C.

The bending properties of the extruded +
1500 °C /100 h heat-treated Nb-10Si alloy are presented
in Figure 8. Data on the cast + 1500 °C /100 h heat-
treated Nb-108Si alloy are also included in this figure for
comparison. The extruded alloy exhibited a significant
change in the bending properties as compared to the cast
alloy. At room temperature, the extruded alloy fractured

at a stress value of ~828 MPa (120 ksi) and also exhib- -

ited a lightly nonlinear load-deflection trace, indicating
the occurrence of plasticity or stable microcracking. Above
1000 °C, the ductility of the extruded alloy increased
significantly with temperature, as indicated by highly
curved bend bars (at 1000 “C, the bend bar bottomed out
without fracture; this corresponds to an outer fiber strain
of ~6 pct).

The measured notch-toughness values, as a function
of composition and processing/heat treatment, are given

Nb-16Si
HIP +1500°C /I00h
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8
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Fig. 7— Variation of bending strength with temperature for the Nb-16Si
alloy in the HIP + heat-treated condition.
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Fig. 8 — Variation of bending strength with temperature for the ex-
truded + heat-treated Nb-10Si alloy. Data on the cast + heat-treated
Nb-10Si alioy are also shown for comparison.

in Table II. Since the ASTM specifications for fracture
toughness testing (E-399) were not rigorously followed
in the present investigation, the measured toughness val-
ues are denoted as Kp. Most of the data are for tests
conducted at room temperature; however, for the cast +
heat-treated Nb-10Si alloy, tests were also carried out at
600 °C and 800 °C. It can be seen that for the cast
Nb-10Si, the K, values appear to be independent of heat
treatment and test temperature. As shown in Table II,
the extruded Nb-10Si alloy exhibited a significant in-
crease in toughness over that in the cast + heat-treated
condition. Heat treatment of the extrusion further in-
creased the toughness. For the toughness tests on the ex-
truded alloy, the long direction of the bend bars was
oriented parallel to the extrusion direction, with the notch
plane and crack propagation direction perpendicular to
the extrusion direction. This orientation ensures, at least
macroscopically, that the crack-propagation plane is par-
allel to the cross-sectional planes of the elongated pri-
mary-Nb particles. The toughness values for the HIP +
heat-treated Nb-16Si alloy were found to be slightly lower
than those for the cast Nb-10Si alloy; this may be due
to a smaller volume fraction of the dendritically formed

Table II. Fracture Toughness, K, as a Function
of Composition, Processing, and Heat Treatment

Processing /Heat
Alloy Treatment K. MPaVm
Nb-10Si as-cast RT-9.5, 8.9*
as-cast + 1500 °C/100 h  RT-9.67, 9.64
600 °C-8.3
800 °C-9.8
extruded RT-16.38, 16.5
extruded + 1500 °C/100 h RT-20.26, 21.06
Nb-16Si  as-cast RT-5.4

as-cast + 1500°C/100 h RT-7.56, 8.1, 6.4

*RT = room temperature.
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primary-Nb particles (Table I) contributing to the tough-
ening than in the cast + heat-treated Nb-10Si alloy.

C. Fractographic Observations

A detailed SEM fractographic analysis was carried out
on bend bars fractured at room temperature as a function
of composition and thermomechanical treatments. The
purpose of the fractographic analysis was to examine
the fracture modes in the different microconstituents in
the two-phase composites, i.e., in the NbsSi;, matrix and
in large primary-Nb as well as small secondary-Nb phase
particles.

For the Nb-10Si alloy in the as-cast + 1500 °C /100 h
heat-treated condition, the Nb;Si; phase fractured in a
brittle cleavage mode. However, the large primarv-Nb
particles exhibited a number of different modes. These
included (a) cleavage, (b) extensive piastic-strctching,
(c) plastic-stretching plus microvoid coalescence, and (d)
Nb /Nb,Si; interface decohesion. The large Nb particles
marked by arrows in Figures Y(a) through (c) exhibit
cleavage fracture, significant plastic-stretching, and
plastic-stretching plus microvoid coalescence, respec-
tively. Energy dispersive X-ray analysis during SEM ex-
amination confirmed that these were Nb-phase particles.
The microvoids could have nucleated at the interface be-
tween the small silicide precipitates and the Nb matrix.
Even though a variety of fracture modes was observed,
the predominant mode was the cleavage mode (~90 pct
of the fracture area). The fracture behavior of the small
Nb particles in the NbsSi; matrix of the eutectoid micro-
constituent could not be estublished unambiguously. As
shown in Figure 9(d), it appeared that the fracture pro-
cess consisted of some plastic stretching (arrow A) and
interface separation indicated by the presence of holes
(arrow B).

As shown in Table II, a large increase in toughness
was obtained in the as-extruded and as-extruded + heat-
treated Nb-10Si alloy over that in the as-cast + heat-
treated alloy. Concomitant with this improvement was a
significant change in the fracture modes and fracture sur-
face topology. In the as-extruded condition, a significant
fraction of large Nb particles fractured after extensive
plastic-stretching and cavity coalescence (Figure 10(a)).
In the as-extruded + heat-treated condition, as shown in
Figure 10(b), the large Nb particles plastically stretched
to almost 100 pct reduction in area without cavitation
before rupturing. In many instances, the plastic-stretching
of the large Nb particles was associated with extensive
decohesion of silicide-Nb interfaces. In addition,
Figure 10(c) shows that almost all of the small Nb par-
ticles in the eutectoid matrix exhibited high ductility be-
fore fracture.

IV. DISCUSSION

In a model system comprised of lead wires constrained
by glass, Ashby er al.!"*! have shown that the constrained
ductility of the lead wires is strongly dependent upon
particular failure mechanisms and the degree of local
constraint, even though the lead wires are highly ductile
without the constraint. Those mechanisms (i.e., includ-
ing interface decohesion and glass matrix cracking) which
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Fig. 9— Various room-temperature fracture modes of Nb phase exhibited in the as-cast + heat-treated Nb-10Si alloy: (a) cleavage: (b) plastic-
stretching: and (¢) plastic-stretching + microvoid coalescence in the primary-Nb phase. Figure 9(d) shows fracture behavior of secondary-Nb

particles, including plastic-stretching and interface-debonding.

produce some magnitude of a “gage length.” i.e., an
unconstrained volume of lead wires above and below the
crack plane. lead to increased crack-opening displace-
ment before fracture, thereby increasing the fracture
toughness. Conversely, the absence of any interface de-
cohesion or matrix cracking produces maximum con-
straint and results in only a small toughening increment.
Thus, there are two fundamental requirements for tough-
ness enhancement. The first is that the crack must be
attracted to rather than bypass the inclusions which must
be highly ductile without the constraint. Second, there
must be some degree of interface decohesion (i.e., con-
straint relaxation) between the brittle matrix and the duc-
tile inclusions during the cracking and rupture processes

In addition, other factors also contribute to the toughness
enhancement as given by the following equation:!*¥

7y 'z
AK, = E| €V, —ay [
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where AK, = increment of toughness over that of matrix;

E = Young's modulus of the inclusions:

C = a parameter denoting the reciprocal of the
degree of constraint (discussed above):

V, = volume fraction of the inclusions (area
fraction on metallographic samples);

o, = uniaxial tensile yield strength of inclusion
material; and

a, = radius of inclusions.

This relationship shows that the toughness increases
with increasing E, V, . oy, and «,,.

As mentioned carlier, the in situ Nb /NbsSi, compos-
ites arc much more complex than the model compusite
described above. This complexity is. in part, due to the
following factors. (a) The primary-Nb particles consist
of two phases, a matrix of Nb with Si in solid solution
and a dispersion of silicide precipitates. The effect of
metallurgica! changes, such as recovery/recrystallization
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Fig. 10— (a) Extensive plastic-stretching and cavity coalescence of the primary-Nb contributing to the room-temperature fracture processes in
the extruded Nb-108i alloy: (h) extensive plastic-stretching and interface decohesion of the lurge primary-Nb particles of extruded + heat-treateu

Nb-10Si alloy: and (¢) extensive plastic-stretching of secondary-Nb particles in the room-temperature fractured specimens of extruded + heat-

treated Nb-10Si alloy.

of the matrix and volume fraction and size distribution
of silicide precipitation, on the ductility and strength of
primary-Nb is not known. This investigation is currently
in progress.!'"” (b) The geometry/morphology of the
primary-Nb particles and eutectoid Nb-phase particles is
quite compiicated. The geometrical variations may be
responsible for complex states of stress (which also in-
clude the residual stresses due to the thermal-expansion
mismatch between Nb and NbsSi,) in the composites
which can affect the interface behavior during the crack
propagation, i.e., the degree of decohesion. In spite of
these complexities, the fracture behavior of these com-
posites can be discussed in terms of crack-bridging and/
or ductile-phase-tovghening concepts.

The major finding of the present work is that the frac-
ture behavior of the Nb phase in the composites can be
significantly altered by thermnmechanical treatments. This
change is accompanied by a change in fracture tough-
ness. As compared to the as-cast + heat-treated condi-
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tion, the Nb-10Si alloy in the extruded + heat-treated
condition shows much lower brittle-to-ductile transitior:
temperature (i.e., room temperature vs 1200 °C;
Figure 8), lower strength with temperature (Figure 8),
and significantly higher fracture toughness (Table 1I).
Table I shows that as expected, the volume fractions of
the Nb phase in these conditions are similar, and as shown
by Figure 5, the distributions of surface-to-surface dis-
tances between large Nb particles are also similar in the
two conditions. This later distribution, to a first approx-
imation, can be taken to represent the lengths of seg-
ments of a straight crack front which will move through
the eutectoid microconstituent with silicide as the ma-
trix. Therefore, these gross microstructural features are
not responsible for the observed difference in the me-
charical propensities in the two thermomechanical con-
ditions. Rather, it is the changes in the behavior of
primary-Nb which appear to govern the mechanical
behavior.
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particles in the as-cast + heat-treated Nb-10Si alloy zre
much harder (DPH = 338 %= 41) than nominally pure
Nb (DPH = 125). In addition, the bending tests on bulk
solid solution Nb-0.25 Si and other Nb-Si solid-solution
alloys have shown!'®'® that these alloys have very lim-
ited ductility at room temperature. It is hypothesized that
fracture of the as-cast + heat-treated Nb-10Si alloy pro-
ceeds by a number of sequential events. Microcracks nu-
cleate in the extremely brittle NbSi; phase having a low
fracture toughness.* During their extension, these

*The toughness 0! the bulk, powder-processed Nb,Si, has been de-
termined™! recentlv by the diamond hardness indentation technique.
The valuzs were between 1 and 2 MPavm.

microcracks interact with the small Nb particles which
decohere and stretch; however, these interactions pro-
vide a negligible increment in toughness!™ due to the
small size of the Nb particles. Further csack propagation
involves interactions with large primary-Nb perticles
which are presumed to have a higher toughness than the
silicide matrix. Even though a majority of Nb particles
fracture in a brittle cleavage mode, formation of cleav-
age steps dissipates some energy of advancing cracks.
Unpublished research??! has shown that these compos-
ites exhibit a resistance curve behavior durin< stable crack
propagation; this implies an occurrence uf crack-bridging.
In addition, a low, out not insignificant, number of large
primary-Nb particles fracture after extensive plastic-
stretching. In fact, the estimated fracture strain of the
ductile particles is as high as a 75 to 100 pct reduction
in area (e.g., Figure 9(b)). All of the mechanisms enu-
merated above provide an incremeni of tougaening,
i.e., 7 to 8 MPa\/m, over that of the Nb,Si, matrix.
In contrast to the as-cast + heat-treated alloy, the ex-
truded + heat-treated Nb-10Si alloy exhibited a high de-
gree of ductile-phase toughening. The primary-MNb
particles showed considerable softening (as determined
by microhardness), and the fractographic observations
indicated significant changes in the fracture modes. A
very large fraction of large Nb particles fractured after
extensive plastic-stretching and interface-debonding. The
softness of the large Nb particles may blunt the advanc-
ing crack by local plastic flow. Further crack growth may
occur by particle decohesion of the silicide/Nb interface
which then provides a finite gage length for further plastic-
stretching of Nb particles. The shape of the high aspect
ratio Nb particles may be more conducive to interface
separation (as opposed to highly irregularly shaped den-
drites in the as-cast + heat-treated condition). The se-
quence consisting of crack-blunting, interface decohesion,
and plastic-stretching can become self-sustaining, re-
sulting in a high degree of toughening increment.
Equation [1] can be used to arrive at an estimate of
the toughening increment in the case of extruded + heat-
treated Nb-10Si alloy where significant ductile-phase
toughening occurs. For this calculation, the value of E
is taken to be ~105 GPa* for the solid solution Nb(Si)

*This is an interpolated value from values for Nb-0.1 and Nb-2Si
alloys measured by the dynamic ultrasonic technique.

phase,?" gy, is taken to be 386 MPa (calculated from the
microhardness value), and volume fractions and particle
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toid Nb particles — are taken from data piven in Table 1.
It is assumed that the toughening incremant due to large
Nb and small Nb particles is additive. The major un-
certainty lies in the value of paramcter C. In the ex-
perimental work on lead wires constrained by glass.l'!
this paramneter ranges from 1.6 (fully constrained con-
dition) to 6 (for matrix cracking and extensive decohe-
sion). This range may be system specific; nevertheless.
it is vsed for the present case to obtain some idea
of toughening increment. The calculated AK, are
39 MPay/m and 20 MPay/m for C = 6 and 1.6, re-
spectively. These values should be compared with the
measured toughness of ~21 MPaVm (Table II). Con-
sidering the number of assumptions involved in the de-
rivation of Eq. [1] and the microstructural complexities
in the alloy, the agreement between the calculated and
experilaentally measured toughening is reasonable (i.e..
within a factor of 2).

The present fractographic data together with the
toughness data are in qualitative accord with the ductile-
pnase toughening of brittle matrices. Quantification of
the microstructural effects (e.g., distribution and length
of bridged ligaments in the crack wake) on the magni-
tude of toughening is presently continuing on specimens
where fracture is being monitored in situ'* using optical
microscopy and SEM techniques.

V. SUMMARY AND CONCLUSIONS

This study has shown that for certain compositions and
thermomechanical treatments, the Nb /Nb;Si; composite
system exhibits ductile-phase toughening at low temper-
atures and reasonable strength retention at high temper-
atures. Silicon has a pronounced effect on strength and
ductility of these composites: strength increases and duc-
tility decreases with increasing Si content in the Nb-10
to 16Si range. In the as-cast + heat-treated alloys, a high
level of strength is.retained in the temperature range of

. 1400 °C to 1600 °C, even though these alloys are totally
‘brittle at temperatures below 1000 °C. Cast alloys with
these compositions have a room-temperature toughness
in the range of 6 to 9.6 MPa\V/m. Fractographic exam-
ination revealed that although the predominar.t fracture
mode in both the silicide and Nb phases is cleavage, a
number of Nb particles exhibit considerable plastic-
stretching. Dramatic changes in the mechanical proper-
ties occur as a result of hot extrusion of the Nb-10Si
alloy, showing a slight ductility even at room tempera-
ture and a toughness of ~21 MPaV/m. The fractographic
observations revealed that the dominant fracture mode
of Nb particles changed from cleavage io extensive de-
bonding and plastic-stretching. Thesc observations are in

\ qualitative accord with the recent theories on ductile-phase
toughening of brittle matrices.

\ The most significant result of this study is that hot
\extrusion “ductilizes™ the Nb phase. The reasons for this
ductilizing have not yet been investigated and are the

ubject of contin"ing research.
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